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Summary – Dutch 
Samenvatting 
 
 
Vezelversterkte kunststof laminaten worden vaak beschouwd als de 
ideale materialen voor lichtgewicht toepassingen die een hoge 
stijfheid en sterkte vereisen. Vandaar dat deze laminaten dan ook 
veelvuldig gebruikt worden in windturbine bladen, vliegtuigen en vele 
andere toepassingen. Deze laminaten zijn doorgaans opgebouwd uit 
verschillende lagen, glas- of koolstofvezels, omringd door een epoxy 
matrix. Door de gelaagde structuur van deze materialen zijn 
delaminatie (= het van elkaar loskomen van de verschillende 
versterkingslagen) en brosse matrix breuk twee van de meest 
voorkomende schademechanismes in de praktijk. Gewoonlijk probeert 
men dit op te lossen door het toevoegen van thermoplastische 
materialen, reactieve rubbers, of rigide nanodeeltjes in de epoxy 
matrix. Het inmengen van deze materialen in de epoxy matrix heeft 
echter steeds een grote stijging van de viscositeit van het epoxyhars 
tot gevolg, wat nefast is voor het stromingsgedrag van het hars en kan 
leiden tot een slechte impregnatie van de versterkingsvezels. 
Daarenboven is het zeer moeilijk om een homogene verdeling te 
krijgen van deze ingemengde fases. Zowel slechte impregnatie als 
gevolg van de hoge viscositeit en een inhomogene verdeling van de 
ingemengde fase kan leiden tot een achteruitgang van mechanische 
eigenschappen van het composietlaminaat. 
In dit doctoraat onderzoeken we een alternatieve methode om de 
delaminatieweerstand (interlaminaire taaiheid) van 
composietmaterialen te verhogen met behulp van nanovezel 
membranen geproduceerd via electrospinning. Nanovezel membranen 
zijn relatief nieuwe materialen. Het zijn vliesstoffen die samengesteld 
zijn uit zeer dunne vezels. Een nanovezel membraan is gelijkaardig 
aan een traditioneel textielmateriaal in die zin dat het relatief sterk is, 
dimensioneel stabiel en eenvoudig te hanteren. De dunne vezels 
zorgen echter wel voor unieke eigenschappen die niet of nauwelijks 
kunnen bekomen worden met traditionele textielmaterialen, zoals zeer 
kleine poriën (ongeveer 10x groter dan de vezeldiameter), een groot 
specifiek oppervlak (ongeveer 20 m
2
.g
-1
), een hoge porositeit (typisch 
rond de 90 %) en een goede connectie tussen de poriën. Deze 
combinatie van eigenschappen maken nanovezels onder meer geschikt 
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voor het verhogen van de interlaminaire taaiheid van 
composietmaterialen. Het basisconcept van deze interlaminaire 
vertaaiing is eenvoudig. De nanovezels vormen namelijk een soort 
“voorgevormde thermoplastische fase” die vervolgens geïmpregneerd 
wordt met epoxyhars tijdens de composietproductie. Het resulterende 
nanovezel-vertaaide epoxy heeft een morfologie die zeer gelijkaardig 
is aan de co-continue morfologie die men kan terugvinden in 
traditionele vertaaiingssystemen die gebruikmaken van ingemengde 
thermoplastische kunststoffen. Het grote voordeel is echter dat er in 
dit geval geen ingewikkeld fasescheidingsproces noodzakelijk is om 
deze morfologie te bekomen. Daarenboven wordt de viscositeit van 
het hars ook niet beïnvloed. 
Het concept van interlaminaire vertaaiing met nanovezels werd 
geïntroduceerd door Dzenis en Reneker en werd tijdens het verloop 
van dit doctoraat verder uitgewerkt in recente publicaties van onszelf 
en andere onderzoeksgroepen. Het is echter zo dat de resultaten die in 
de literatuur gerapporteerd worden vrij uiteenlopend zijn. Om deze 
verschillende resultaten te kunnen verklaren en nieuwe nanovezel- 
vertaaide composieten te kunnen ontwerpen, is het belangrijk om de 
algemene vertaaiingsmechanismes  beter te begrijpen. Alleen op die 
manier zal men het ware potentieel van thermoplastische nanovezels 
voor deze toepassing kunnen ontdekken. 
Volgend op een compacte literatuurstudie in hoofdstuk 1 en een 
overzicht van de gebruikt materialen en methoden in hoofdstuk 2, 
wordt in hoofdstuk 3 het algemene micromechanische 
vertaaiingsmechanisme voor nanovezel-vertaaide composieten 
voorgesteld. Dit mechanisme werd ontrafeld door het vertaaiende  
effect van nanovezels te analyseren op drie verschillende niveaus, 
welke overeen stemmen met de hiërarchische structuur van het 
composiet laminaat: het nanovezel-vertaaide epoxy, de nanovezel-
vertaaide interlaminaire zone en het nanovezel-vertaaide laminaat. 
Een experimentele studie van het nanovezel-vertaaide epoxy toonde 
aan dat het vloeien van de nanovezels in de breukproceszone en 
nanovezeloverbrugging de breuktaaiheid van het epoxy substantieel 
verhogen. Op het niveau van de nanovezel-vertaaide interlaminaire 
zone werd aangetoond dat een grondige analyse van het scheurgedrag 
cruciaal is om het vertaaiiende effect van nanovezels te kunnen 
begrijpen en optimaliseren. Meer specifiek werd er ontdekt dat er 
onder bepaalde omstandigheden scheuren doorheen de dikte van de 
nanovezel-vertaaide interlaminaire zone kunnen ontstaan. Deze 
interlaminaire scheuring zorgen voor een groot deel van het 
vertaaiiend effect van nanovezels omdat er in deze scheuren 
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nanovezel-overbruggingzones ontstaan. In de volgende hoofdstukken 
werd de nanovezel-vertaaide interlaminaire zone verder onderzocht. 
Er werden verschillende parameters geïdentificeerd die de 
interlaminaire taaiheid beïnvloeden, hetzij rechtstreeks of via een 
wijziging van het interlaminaire scheurpad. 
De eerste parameter die onderzocht werd (hoofdstuk 4) was het effect 
van de morfologie van het electrogesponnen membraan. Het is 
immers goed gekend dat de morfologie van de thermoplastische of 
rubberfase bij traditionele vertaaiingsystemen  een grote invloed heeft 
op de uiteindelijke taaiheid van het epoxy. In hoofdstuk 4 werden er 
vijf verschillenede morfologieën bestudeerd (nanovezels, microvezels, 
microbolletjes, films en gespraycoat PCL). Er werd aangetoond dat 
enkel poreuze morfologieën die aanleiding kunnen geven tot een fijne 
verdeling van PCL fases in het omliggende epoxy significante 
verbeteringen toestaan in zowel Mode I als Mode II taaiheid van het 
resulterende composiet. Van alle geteste poreuze structuren hadden de 
nanovezels de hoogste performantie. 
De volgende parameter die onderzocht werd, was de interleaving 
methode (hoofdstuk 5). Hier werd aangetoond dat de zogenoemde 
double layer deposited configuratie (DLD), waarbij de nanovezels 
rechtstreeks op beide zijden van de glasvezelmat werden gesponnen, 
aanleiding gaven tot de hoogste Mode I interlaminaire taaiheid. In 
tegensstelling tot de single layer deposited configuratie waarbij slechts 
één zijde van de glasvezelmat besponnen werd of de interlayered 
configuratie waarbij een opzichzelfstaand nanovezelmembraan tussen 
twee glasvezelmatten werd geplaatst, gaf de DLD configuratie 
aanleiding tot de vorming van interlaminaire scheuren. 
Hoofdstuk 6 en 7 handelen over het effect van de mechanische 
eigenschappen van de nanovezels op de interlaminaire breuktaaiheid. 
Hoofdstuk 6 focust op de ontwikkeling van SBS vezels, geproduceerd 
via electrospinning, met stuurbare mechanische eigenschappen. In 
eerste instantie werd een nieuwe electrospinoplossing geformuleerd 
met een relatief lage toxiciteit. Daarna werd een post-modificatie 
strategie ontworpen gebaseerd op triazolinedione click chemie. 
Hoewel de belangrijkste doelstelling van hoofdstuk 6 het ontwikkelen 
van SBS vezels met modificeerbare mechanische eigenschappen 
betrof, kan deze post-modificatie strategie ook worden gebruikt om 
een grote verscheidenheid aan functionele groepen te introduceren op 
de SBS vezels. De modificeerbaarheid van de mechanische 
eigenschappen van de SBS vezels werd bekomen gebruikmakend van 
MDI-TAD (een bi-functionele tad vernetter). De vernetting met MDI-
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TAD liet toe om de breukrek van de SBS vezels te wijzigen tussen de 
90 en 700  %, en de E-modulus tussen de 11 MPa en de 130 MPa. 
De mechanische eigenschappen van deze SBS vezels werden 
vervolgens gelinkt aan de interlaminaire taaiheid van de composiet 
laminaten (hoofdstuk 7). De variatie in mechanische eigenschappen 
had een groot effect op zowel de Mode I als de Mode II interlaminaire 
breuktaaiheid van de laminaten. SBS vezels met een hoge breukrek en 
lage modulus bleken minder geschikt te zijn voor interlaminaire 
vertaaiing. Ondanks het feit dat deze vezels een zeer hoge 
breukenergie hadden, was de energie-absorptie bij lage breukrekken 
verwaarloosbaar. SBS vezels met een lagere breukrek en hogere E-
modulus resulteerden in een toename van de geabsorbeerde energie bij 
lage rek. Dit had een grote invloed op de taaiheid van de 
interlaminaire zone, evenals op de scheurgroei door deze 
interlaminaire zone, zowel onder Mode I als Mode II belasting. 
 
Globaal genomen kan er geconcludeerd worden dat er belangrijke 
inzichten verworven zijn, gedurende dit doctoraat, die verder zullen 
bijdragen tot de vooruitgang van deze innovatieve materialen. 
Daarenboven werd duidelijk aangetoond dat men, gebruikmakend van 
deze inzichten, in staat is om nanovezel versterkte 
composietmaterialen met superieure delaminatieresistentie te 
produceren via harsinfusie, zonder te resulteren in een achteruitgang 
van andere mechanische eigenschappen. 
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Summary – English 
 
Fiber reinforced polymer composite laminates are the material of 
choice for applications requiring high stiffness and high strength with 
minimal density. Hence, their wide use in wind turbine blades, 
airplanes and many other applications over the last decades. 
Composite laminates are often composed of several layers of glass or 
carbon fibers, surrounded by an epoxy matrix. However, due to their 
laminated structure, delamination between reinforcing plies and brittle 
matrix fracture are a major concern for fiber reinforced composites 
and are among the most frequent types of failure encountered in 
service. Traditionally proposed solutions for this problem often 
involve mixing tough thermoplastic materials, reactive rubbers, or 
stiff nanoparticles into the epoxy matrix. However, these systems 
significantly increase the viscosity of the uncured resin and thus have 
a detrimental effect on the resin flow which is crucial to obtain high 
quality laminates. Furthermore, a homogeneous dispersion of the 
toughening phases throughout the composite is not easily obtained. 
Both a reduced resin flow as well as an inhomogeneous distribution of 
the toughening phases can result in a reduction of the overall 
mechanical properties of the laminate. 
 
Throughout this PhD, the use of tough electrospun nanofibrous veils 
is investigated as a more viable method to increase the resistance 
against delamination (interlaminar fracture toughness). Nanofibrous 
veils are relatively new materials composed of very fine fibers into a 
non-woven textile. A nanofibrous veil is much like a traditional 
nonwoven material in the sense that it is a relatively strong and 
dimensionally stable macroscopic structure which is easy to handle. 
Nevertheless, the nanoscale diameters of these nanofibers lead to very 
interesting properties such as small pore sizes (about one order of 
magnitude larger than fiber diameter), large specific surface area 
(typically around 20 m
2
.g
-1
), high porosity (typically around 90 %) 
and good inter-pore connectivity. The unique properties of electrospun 
nanofibers are very useful for interlaminar toughening of composite 
materials. The basic concept is simple and straightforward. 
Nanofibrous veils can act as a “pre-shaped co-continuous 
thermoplastic phase” which is then impregnated with epoxy resin. The 
resulting nanofiber toughened epoxy has a morphology which is 
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similar to the co-continuous morphology in traditional toughening 
systems using thermoplastic materials. However, by using the 
nanofibrous structure as a “pre-shaped” morphology, there is no need 
for a complicated and difficult to control phase separation process and 
the resin viscosity remains unaffected. 
 
The concept of interlaminar toughening using electrospun nanofibers 
was introduced by Dzenis and Reneker and further detailed by recent 
work of ourselves as well as other research groups during the course 
of this PhD. However the results reported so far in open literature 
appear to be quite scattered. In order to explain these different results 
and design novel toughened composites, a better understanding of the 
toughening (micro) mechanisms which are present in nanofiber 
interleaved laminates is necessary. This PhD aims to provide a generic 
understanding of the toughening mechanism involved, which can open 
up the true potential of electrospun thermoplastic nanofibers.  
 
Following a condensed literature review in chapter 1 and an overview 
of the materials and methods used throughout this PhD in chapter 2, 
chapter 3 presents the general micromechanical fracture mechanisms 
of electrospun nanofiber toughened composites. These mechanisms 
were unraveled by analyzing the nanofiber toughening effect on three 
different levels, coinciding with the hierarchical nature of laminated 
composite materials: the nanotoughened epoxy, the nanotoughened 
interlaminar region and the nanotoughened laminate. Experimental 
analysis of the nanotoughened epoxy has shown that yielding of 
nanofibers in the fracture processing zone as well as nanofiber 
bridging increases the fracture toughness of the epoxy substantially.  
On the level of the nanotoughened interlaminar region, careful 
analysis of the delamination path was shown to be crucial for 
understanding and optimizing the interlaminar toughening effect of 
electrospun nanofiber. More specifically it was found that under the 
right conditions, crossings of the interlaminar region can occur. These 
interlaminar crossings are one of the main contributors to the increase 
in interlaminar fracture toughness as nanofiber bridging zones develop 
in them. In the subsequent chapters, the nanotoughened interlaminar 
region was extensively studied. Several parameters were identified 
that influence the interlaminar fracture toughness, either directly or by 
changing the interlaminar crack path.   
  
The first parameter under investigation was the electrospun 
morphology (chapter 4), since it is well known that the phase 
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separated morphology in traditional thermoplastic and rubber 
toughened epoxies has a major influence on the final fracture 
toughness of the epoxy. Throughout chapter 4, five different 
electrospun morphologies (i.e. nanofibers, microfibers, microspheres, 
films and spray-coated PCL) were introduced in the interlaminar 
region of glass epoxy laminates. It was shown that only porous 
interleave structures, having a fine distribution of PCL phases in a 
surrounding epoxy phase allow for significant improvements in both 
Mode I and Mode II interlaminar fracture toughness of the resulting 
composites. From all the tested porous structures, the nanofiber 
interleaved structures show the best performance.  
 
The next parameter under investigation was the interleaving method 
(chapter 5). It was shown that a double layer deposited configuration 
(DLD), in which the nanofibers were directly electrospun on both 
sides of the glass fiber mats facing the interlaminar region, gives rise 
to the highest Mode I interlaminar fracture toughness values. As 
opposed to a single layer deposited configuration in which nanofibers 
were spun on only one side of the glass fiber mat or an interleaved 
configuration in which a standalone nanofiber membrane was placed 
between the glass fiber mats, a DLD configuration improved the 
formation of interlaminar crossings. 
 
Chapter 6 and chapter 7 report on the effect of the mechanical 
properties of the electrospun fibers on the interlaminar fracture 
toughness. Chapter 6 focuses on the development of electrospun SBS 
fibers with tunable mechanical properties. First, a novel 
electrospinning solution with relatively low toxicity was formulated, 
after which a post modification strategy based on triazolinedione click 
chemistry was developed. Although the main goal of chapter 6 was to 
obtain mechanically tunable SBS fibers, this post modification 
strategy can be applied to introduce a wide variety of functional 
groups onto SBS fibers. The mechanical tunability was achieved by 
using MDI-TAD (a bi-functional TAD cross-linker). Cross-linking 
with MDI-TAD allowed tuning the elongation at break of the SBS 
fibers from about 90 to 700 %, whereas the modulus of the fibers 
covers a range from 11 MPa to over 130 MPa by adjusting the extent 
of modification. 
 
The mechanical properties of these tunable fibers are subsequently 
linked to the interlaminar toughness of the composite laminates in 
chapter 7. The variation in the mechanical properties of the SBS fibers 
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had a significant effect on both the Mode I as well as the Mode II 
interlaminar fracture toughness of the glass epoxy laminates. 
Electrospun fibers with high elongations at break and low E-moduli 
are shown to be less suitable for interlaminar toughening. Although 
these fibers have a high work of rupture, the energy absorbed when 
strained up to small elongations is nearly zero. SBS fibers with a 
lower elongation at break and a higher E-modulus resulted in an 
increased amount of absorbed energy in the low strain region. This 
significantly affects the toughness of the interlayer as well as the 
interlaminar crack path, both in Mode I and Mode II loadings.   
 
Overall it can be concluded that important insights were gained 
throughout this PhD, which will contribute to the advancement of the 
research on these novel materials and help in optimizing and 
designing highly toughened advanced composite applications. In 
addition it was clearly shown that using these insights one can 
produce nanofiber toughened laminates by resin transfer molding, 
which have a superior delamination resistance, both under Mode I as 
well as Mode II loading conditions and this without resulting in a 
decrease in in-plane properties.  
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Introduction 
 
 
 
 
Today, fiber reinforced polymer composites are a standard material in 
applications where a high stiffness and strength are required at minimal 
weight, such as aerospace structures, ultra-light vehicles, or even flywheels 
for highly efficient power storage systems. Although fiber reinforced 
polymer composites show many advantages compared to other materials, 
delamination between reinforcing plies remains a major problem limiting 
further breakthrough in advanced applications. In this PhD, the potential of 
electrospun nanofibers to prevent such delaminations will be investigated. 
This chapter will present a short introduction to composite materials, as 
well as to the production techniques and properties of electrospun 
nanofibers. Furthermore, a condensed literature overview of the state of 
the art in interlaminar toughening of composite materials is presented.  
 
 
 
 
 
2 Chapter 1 
1.1 Fiber reinforced composites 
According to the most general definition, composites can be described 
as the wide variety of materials, both natural and engineered, 
consisting of two or more materials. The resulting composite material 
has specific properties that cannot be obtained with the constituents 
alone. Wood is an example of a natural fibrous composite made of 
cellulose fibers in a lignin matrix 
[1]
.  
 
The glass epoxy composites under investigation in this PhD belong to 
the group of fiber-reinforced polymer composites (FRP). These FRP 
typically consist of high modulus and strength reinforcing fibers such 
as carbon or glass fibers embedded in a polymer matrix. The 
reinforcing fibers are the main load carrying components of the 
composite with typically a very high tensile strength and E-modulus 
in the fiber direction but often a low strain at failure 
[2],[3]
. 
 
The polymer matrix material can either be a thermoset or a 
thermoplastic material. This polymer matrix defines the shape of the 
composite and keeps the oriented fibers in their correct position. 
Furthermore, it protects the reinforcing fibers from the environment 
and transfers external loads to the reinforcing fibers. As of today most 
FRP are prepared using a thermoset resin (as indicated in Figure 1.1) 
such as a polyester, vinyl ester or epoxy resin.  
 
 
Figure 1.1: Revenues in US billion dollars by matrix material in 2014 
[4]
. 
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Although epoxy resins are more expensive than polyester or vinyl 
ester resins, they are often the matrix material of choice for high-end 
applications. This is due to their excellent properties compared to 
polyester or vinyl ester resins, such as, a higher E-modulus (40 % to 
50 % higher) and tensile strength (20 % to 30 % higher), a high water 
resistance (around 50% less reduction in interlaminar shear strength 
after prolonged exposure to water), better thermal stability, longer pot 
live and low cure shrinkage (<1% versus 5 to 7% for polyester). 
 
Today fiber reinforced polymer composites are widely used. The 
demand for composite materials is increasing year after year, as 
illustrated in Figure 1.2 showing the global demand for carbon fiber 
composites. 
 
 
Figure 1.2: Global demand for carbon fiber reinforced composites in 1000 
tonnes (* estimates)
[4]
. 
In addition to the high strength to weight ratios, fiber reinforced 
composites have excellent fatigue damage tolerance, corrosion 
resistance and only a limited thermal expansion. Overall, this makes 
them a valid competitor of metallic materials. Figure 1.3 gives a rough 
comparison of some average material properties of composites to 
those of aluminum and steel 
[2],[5]
.  
4 Chapter 1 
 
Figure 1.3: Comparison between metals and fiber reinforced composite 
materials
[1]
. 
 
Another unique aspect is the design flexibility. Several shapes can be 
created according to the specific applications and additional parts can 
be integrated in the structure when needed. Because of this 
combination of unique properties, composites find applications in 
different fields. The SPI (Society of the Plastics Industry) Composites 
Institute grouped the major applications according to the main market 
segments, as shown in Figure 1.4.  
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Figure 1.4: Major composite applications, grouped in market segments 
[5]
. 
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1.2 Composite laminates and delamination 
The mechanical properties of unidirectional FRP (all reinforcing 
fibers are oriented in the same direction) are typically very good when 
evaluated in the 0º direction (= reinforcing fiber direction). Indeed, the 
high strength and stiffness reinforcing fibers carry the majority of the 
applied load. If one however evaluates the properties of the composite 
in the 90º direction (perpendicular to the fiber direction), the strength 
and stiffness of the composite is mainly determined by the matrix and 
the fiber matrix interface, thus resulting in a much lower stiffness and 
strength, as illustrated in Figure 1.5 for a unidirectional glass fiber 
polyester laminate 
[2],[3],[6]
. 
 
 
Figure 1.5: Tensile strength of unidirectional glass polyester laminate in 
different directions 
[6]
. 
In order to ensure high strength and stiffness in multiple directions, it 
is often necessary to build laminates which contain reinforcing fibers 
in different directions. Such a laminate can be build out of 
unidirectional or woven ply’s of reinforcing fibers which are stacked 
on top of each other (Figure 1.6). This allows for the design of 
composite laminates with very good in-plane (tensile) properties. 
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These properties can furthermore be optimized for specific 
applications and loading conditions. 
 
 
Figure 1.6: The build-up of a composite laminate 
[7]
. 
Although a composite laminate typically has excellent in-plane 
properties, it should be pointed out that the region in between two 
adjacent reinforcing plies, the so-called interlaminar region, is still 
relatively weak. Just like for unidirectional composites tested in the 
90º direction (Figure 1.5), the properties of the interlaminar region are 
largely determined by the properties of the matrix material as well as 
the adhesion between the reinforcing fibers and the matrix.  
Therefore, if a load is applied in the out of plane direction, “pulling 
the different plies apart”, it is very likely that cracks will develop in 
these interlaminar regions. In addition, the different orientation of 
adjacent plies in the laminate can result in a mismatch in elastic 
properties, leading to additional stress on the interlaminar region, 
resulting in interlaminar cracks. These interlaminar cracks can 
eventually result in a complete delamination of the laminate 
[8][9]
.  
 
A typical source of out-of-plane loads is low or high velocity impact 
on the laminate. Low velocity impact can be caused by e.g. tool drop 
during reparation or installation of a composite structure, or hailstone 
impact on outdoors composite structures such as windmill blades 
(Figure 1.7) or airplane wings. In case of low velocity impact, the 
occurrence of delaminations is particularly critical since, if a 
delamination occurs, it can drastically reduce the residual strength of 
the composite. Furthermore as delaminations develop in-between 
reinforcing plies, they cannot always be detected trough visual 
inspection, thus giving the false impression that no damage has been 
generated 
[9]–[11]
. 
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Figure 1.7: Damage on composite windmill blade due to hailstone impact 
[11]
. 
Of course, high velocity impact can also result in delamination 
(usually accompanied by other forms of damage). For example, bird 
strikes on a flying aircraft are a potential source of high velocity 
impact damage (Figure 1.8). 
 
 
 
Figure 1.8: Bird strike as a potential source of delamination in composite 
laminate 
[12]
. 
Several structural details can generate interlaminar stress 
concentrations and as such promote delamination. A few examples 
such as free edges, holes, ply drops, cut plies, corners and joints are 
shown in Figure 1.9 
[13],[14]
. Other factors that can result in the 
formation of interlaminar cracks due to an uneven distribution of the 
stresses over the structure include variations of the composite 
thickness and a bended geometry.
[8],[9],[13]
. 
Introduction                                                                       9 
 
 
 
Figure 1.9: Common structural elements which generate interlaminar stress 
concentrations 
[15]
. 
As such the resistance against delamination, or the interlaminar 
fracture toughness of a composite laminate, is often a limiting design 
parameter since failure on the structural level of composites is 
predominantly governed by delamination between plies resulting from 
cracks in the interlaminar region. Delamination in laminates is often 
measured in terms of energy, the strain energy release rates or G 
values, which represent the energy required for the growth of a 
delamination crack. Similar to crack growth in monolithic materials 
[16]
, delamination crack growth may be separated into three 
independent modes. The tensile mode, Mode I, the sliding or shearing 
mode, Mode II, and the tearing mode, Mode III (Figure 1.10). In 
service loading, conditions are often a combination of these pure 
delamination modes with Mode I and Mode II being most prevalent in 
delamination problems. Standardized test methods have been 
developed in order to measure the Mode I and Mode II G values, GIC 
and GIIC, on composite laminates 
[17],[18]
. More details on these 
methods and the specific setups used in this PhD can be found in 
chapter 2.  
10 Chapter 1 
 
Figure 1.10: The three modes of cracking, Mode I (opening), Mode II 
(sliding, shearing) and Mode III (tearing) 
[16]
. 
1.3 Toughening methods for FRP composites 
In the last 40 years, methods have been developed to improve the 
interlaminar fracture toughness of composite materials. This section 
will give a condensed overview of the most important developments. 
As mentioned in the previous section, the interlaminar fracture 
toughness is mainly determined by the properties of the epoxy resin. 
Therefore a lot of interlaminar toughening methods focus on 
increasing the (bulk) toughness of this epoxy matrix. One should not 
confuse this bulk toughness of the epoxy resin with the (Mode I or 
Mode II) interlaminar fracture toughness of a laminate, as described in 
the previous section. An increase in bulk fracture toughness of the 
epoxy (and accompanied increased strain energy release rate Gepoxy) 
does not always guarantee an increase in interlaminar fracture 
toughness. This interlaminar fracture toughness depends on additional 
parameters such as for example the properties of the reinforcing fibers 
and the adhesion between these fibers and the epoxy matrix. 
 
One strategy to increase the toughness of epoxy resins is the 
development of new epoxy and amine monomers which allows for the 
formulation of high toughness epoxy resin systems. A lot of progress 
has been made in this area already. For example, the commercially 
available epoxy resin used for this PhD has a fracture toughness value 
of around 1500 J/m
2
, which is about 5 times higher than the standard 
Bisfenol A diglycidylether (DGEBA) based epoxy resins used in the 
past 
[19]
. Nevertheless, even composites produced using these high 
toughness resins are sensitive to delamination.  
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Another toughening method is based on adding certain fillers to the 
epoxy resin, such as nanoparticles, synthetic rubbers and 
thermoplastic materials. If properly applied, these fillers can 
drastically improve the fracture toughness of the epoxy matrix. They 
do however also increase the viscosity of the resin, which is a problem 
for infusion applications (see 1.2.2 and 1.2.3).  
 
Apart from these modifications of the bulk epoxy, mechanical 
reinforcements in the thickness direction (Z-binders) can positively 
affect the Mode I as well as the Mode II interlaminar fracture 
toughness of composites laminates, although their use is often 
accompanied with a reduction of the in-plane properties (see 1.2.1).  
 
Overall significant progress has been made in order to improve the 
bulk fracture toughness of epoxies as well as the interlaminar fracture 
toughness of composite laminates. Section 1.2.1 to 1.2.3 will present a 
more detailed review of the most important methods mentioned 
above. It is however also clear that there is still a need for a further 
increase in interlaminar facture toughness. Especially for composite 
laminates produced by resin infusion techniques such as vacuum bag 
infusion and resin transfer molding, since they require low viscosity 
epoxy resins and most epoxy-toughening methods are not applicable. 
1.3.1 Z-binders 
One of the most intuitive methods to prevent delamination consists of 
mechanical through-thickness reinforcements or z-binders. The most 
studied forms of z-binders are stitched laminates, z-pinning and 3D 
woven fabrics (Figure 1.11).  
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Figure 1.11: Fiber architectures for (a) a 3D orthogonal interlock woven 
composite (b) a 3D angle interlock woven (c) a stitched composite and (d) a 
z-pinned composite 
[20]
.  
 
Stitching of laminates can be carried out on dry reinforcing fibers 
prior to infusion or on prepreg materials. Thread density, length and 
diameter must be carefully selected to achieve a good improvement in 
fracture toughness 
[21]
. Z-pinning is typically only applied on prepreg 
materials, the pins usually have a diameter of 0.1-1.0 mm and are 
made from materials, such as steel, titanium alloy or fiber reinforced 
composite. The pins are inserted in the uncured prepreg through the 
use of an ultrasonic hammer. The incorporation of these z-binders is 
not as straightforward as it might seem, since introduction of z-binders 
can damage the primary reinforcing fibers or cause other defects such 
as resin pockets, fiber crimp and waviness in the primary reinforcing 
fibers (Figure 1.12). Such defects can result in drastic reductions in 
the in-plane properties. Some researchers report reductions of in-plane 
properties, such as tensile strength and stiffness, of over 30 % 
[22]
. For 
a more detailed discussion on how the in-plane properties are effected 
by stitching or z-pinning, the author refers to the work of A.P. Mouritz 
et al. 
[20],[23]–[28]
. 
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Figure 1.12: (a) Fracture of in-plane fibres due to z-binder reinforcement. 
(b) Distortion of in-plane fibres around a pin in a pinned composite. (c) 
Crimping of in-plane fibers (indicated by the arrows) at a z-binder within a 
pinned composite. (d) Crimping of an in-plane tow by a tensioned z-binder 
[20]
. 
1.3.2 Rigid nanoparticle toughened epoxies 
The use of rigid nanoparticles such as carbon nanotubes (CNT), 
nanoclay and nanosilica has received a lot of attention during the last 
decade as a technique to increase the fracture toughness of epoxy 
matrices. With these nanoparticles, one aims to improve the 
mechanical properties of the resin by mixing in nanoparticles with a 
(theoretically) exceptional high stiffness and strength 
[29]–[32]
. 
 
The toughening effect of rigid nanoparticles mainly arises from 
nanoparticle pullout and subsequent plastic void growth. Therefore, a 
good adhesion between the nanoparticles and the matrix is of major 
importance to increase the amount of energy absorption due to 
nanoparticle pullout and as such the fracture toughness of the resin. 
However, in most cases the adhesion between the nanoparticle and the 
epoxy matrix is rather poor. In order to improve the strength of the 
nanoparticle epoxy interface, a chemical functionalisation of the 
nanoparticle is often required 
[29],[30],[33]–[39]
. 
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Another important factor influencing the fracture toughness of the 
nanotoughened epoxy is the dispersion of the nanoparticles in the 
epoxy matrix. The distribution of the nanoparticles in the matrix 
should be as homogenous as possible. This is however not so 
straightforward since most nanoparticles have a tendency to 
agglomerate. Such agglomerates may induce stress concentrations, 
which can in turn initiate cracks and can even reduce the overall 
performance of the epoxy matrix. In this case chemical 
functionalisation of the nanoparticles is beneficial, as it can reduce the 
tendency to agglomerate. In addition a lot of research has been 
devoted to optimize dispersion methods 
[29]
. A recent review by 
Marouf B. et Al. concluded that silica nanoparticles can be as 
effective as rubber particles (see next section) in improving the 
fracture toughness/energy while the incorporation of carbon nanotubes 
(CNTs) or clay platelets generally only have a moderate effect 
[40]
.  
 
One of the most important problems with nanoparticle toughened 
epoxies, besides health and safety issues related to the use of 
nanoparticles in general 
[41]–[46]
, is the associated increase in viscosity 
of the resin. When nanoparticles are added to the epoxy matrix, the 
viscosity of the mixture increases tremendously. This is particularly 
problematic for composite laminates produced by resin infusion. 
Recently some efforts have been made to grow carbon nanotubes 
directly on the primary reinforcing fibers in order to resolve some of 
the issues related to this viscosity increase. However, this still remains 
a very costly and time consuming process today, while its effect on 
the Mode I and Mode II interlaminar toughness in composite 
laminates has yet to be proven 
[47]–[49]
. 
1.3.3 Rubber and thermoplastic toughened epoxies 
Long before the upcoming of nanotechnology, synthetic rubbers and 
engineered thermoplastics were investigated as toughening materials 
for thermosets like epoxies. The incorporation of rubbers or 
thermoplastics in the matrix can occur in two ways: by blending the 
liquid rubber/thermoplastic material in the uncured matrix resin or by 
dispersing preformed particles into the matrix. In the first case, the 
liquid rubber or thermoplastic material should form a homogeneous 
mixture with the uncured resin followed by a phase separation during 
the curing process, generating a two-phase morphology 
[50]
. This 
method is often preferred over mixing in preformed particles since it 
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is difficult to obtain a homogeneous distribution of solid particles in a 
liquid resin. Similar to nanoparticles, a non-homogenous distribution 
of toughening particles can induce stress concentrations, thus 
negatively influencing the overall mechanical properties of the 
composite.  
 
McGarry et al. were the first (in 1968) to report on rubber toughening 
of epoxies. Using a low molecular weight carboxyl terminated 
copolymer of butadiene and acrylonitrile (CTBN), they reported a 
significant increase of the bulk fracture toughness of the epoxy 
[51],[52]
. 
In the following decades, several studies have reported high 
improvements of the bulk fracture toughness using various 
(functionalized) elastomers. However, although the fracture toughness 
of the epoxy matrix can be improved by rubber toughening, other 
matrix properties such as stiffness and strength are drastically 
reduced. Furthermore, highly cross-linked epoxies typically seem to 
have less benefit from rubber toughing than their low cross-linked 
counterparts 
[50],[53]
. In order to solve these problems, studies were 
performed to incorporate thermoplastic materials instead of rubbers. 
The first studies were conducted in the 1980s, e.g. Bucknall et al. and 
Raghava et al. studied the effect of polyethersulphone (PES) on 
different kinds of epoxy resins 
[54]–[56]
. Although in both cases the 
obtained fracture toughness improvement was rather limited, these 
studies did provide a first statement of the fundamental mechanisms 
required to achieve a higher fracture toughness using thermoplastic 
fillers, such as the importance of the phase separated morphology and 
the adhesion between the epoxy and the thermoplastic toughening 
material. Since then, a range of thermoplastic materials has been 
studied, such as polyetherimide (PEI), several polysulphones, 
polycaprolactone (PCL) and copolymers of bisphenol A. If the proper 
conditions related to phase separation and adhesion were met, these 
thermoplastic materials significantly increased the bulk fracture 
toughness of the epoxy resin. Moreover, as opposed to rubber 
toughened epoxies, the reduction in stiffness and strength of the epoxy 
matrix was found to be limited. 
 
The morphology of the toughening polymer after phase separation is 
particularly important to obtain high fracture toughness values. In 
rubber toughened epoxy resins, the optimum toughening properties 
are achieved at rubber levels from 5 % to 15 % where a small uniform 
particulate morphology predominates (droplet pattern epoxy rich, 
Figure 1.13). For thermoplastic toughened epoxies on the other hand, a 
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co-continuous phase morphology with higher thermoplastic levels 
(20–30%) is often required to achieve an optimum fracture toughness 
(Figure 1.13) 
[57]–[59]
. 
 
 
Figure 1.13: Basic (simplified) possible morphologies after phase 
separation. From left to right increasing toughener concentration (in black).  
It should however be pointed out that the obtained morphology  
during phase separation is not only dependent on the amount of 
thoughener, but also on a wide range of other parameters, such as the 
time and temperature of the epoxy curing cycle, the specific 
toughening material used, the type of epoxy resin and even the 
primary reinforcing fibers 
[58]
. Additionally, just like for nanoparticles, 
mixing in a rubber or thermoplastic material into the epoxy drastically 
increases the viscosity of the epoxy resin. This is again a major 
drawback, as low resin viscosity is often required in order to obtain 
properly impregnated laminates.  
 
 
Figure 1.14 schematically illustrates the most frequently reported 
toughening mechanisms acting on rubber and thermoplastic toughened 
epoxies. In case of thermoplastic toughened composites, particle crack 
bridging and crack path deflection are the most common. Particle 
crack bridging implies that thermoplastic (or rubber) particles might 
span the crack and exert closure tractions on the fracture surfaces. 
This process reduces the stress intensity at the crack tip reducing or 
hindering crack growth. Furthermore, the particles are stretched and 
torn to fracture, which also consumes significant amounts of energy. 
Crack path deflection on the other hand occurs when the thermoplastic 
(or rubber) particles cause the main crack to deviate away from the 
principal plane of propagation, which increases the area of the crack 
and results in more energy absorption. For a more detailed description 
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of all toughening mechanisms in rubber and thermoplastic modified 
epoxies, the author refers to some excellent articles on this topic 
[57],[60],[61]
. 
 
 
 
Figure 1.14: Schematic illustration of toughening mechanisms: (1) crack 
deflection  and pinning, (2) crack  bridging, (3) shear banding, (4) craze 
formation, (5) cavitation and plastic void growth, (6) particle yielding 
[60],[61]
.  
1.4 Nanofiber toughened composites  
1.4.1 Nanofibers and their applications 
Nanofibrous veils are relatively new materials composed of very fine 
fibers into a non-woven textile. Figure 1.15 shows the author holding 
a stand-alone polyamide nanofibrous veil as well as a scanning 
electron microscope (SEM) image revealing the structure of this 
nanofibrous membrane on a microscopic level. It is important to note 
that a nanofibrous veil is much like a traditional nonwoven material in 
the sense that it is a relatively strong and dimensionally stable 
macroscopic structure which is easy to handle. 
 
In the past decade, academic research related to nanofibers has made a 
huge leap with the number of publications (registered on web of 
science), going from about 200 per year in 2004 to about 1600 per 
year in 2014. The great interest in these types of materials is due to 
their unique combination of properties linked to their nanoscale 
dimensions. Nanofibers typically have diameters below 1000 nm, two 
orders of magnitude smaller than a human hair (Figure 1.16). Their 
length, however, is up to several meters. As opposed to nanoparticles, 
the macroscale length makes nanofibrous materials easy to handle and 
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it basically eliminates the health issues associated with nanoparticles 
(since it prevents them from being inhaled or absorbed through the 
skin). Nevertheless, the nanoscale diameters of these nanofibers lead 
to very interesting properties which can be utilized in a wide range of 
applications. These properties include small pore sizes (about one 
order of magnitude larger than fiber diameter), large specific surface 
area (typically around 20 m
2
.g
-1
), high porosity (typically around 90 
%) and good inter-pore connectivity 
[62]
. Figure 1.16 illustrates 
potential applications of nanofibrous nonwovens. 
 
 
Figure 1.15: Researcher holding a nanofibrous PA6 veil as well as a 
scanning electron microscope image comparing nanofibers to a human hair. 
The majority of the nanofiber research focuses either on biomedical 
applications or on filtration of gases and liquids. Within the 
biomedical applications, nanofibers have been used as wound 
dressings 
[63]–[65]
, drug release systems 
[66]–[70]
, artificially engineered 
tissues 
[66],[71],[72]
 and prosthesis 
[73],[74]
. Due to the small pores, wounds 
can be enclosed for bacteria, while the high surface-to-volume ratio 
can benefit the release of drugs from these nanofibrous structures 
[70],[75]
. For filtration, the benefits of the nanofibrous structure are even 
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more obvious. Due to the small pore sizes, nanofibrous filters have a 
high efficiency, i.e. can filter out very small particles. In addition, the 
high porosity also allows for a high flux 
[76]–[80]
. These filtration 
membranes can also be modified to be antibacterial, antimicrobial or 
hydrophilic/hydrophobic, thus further improving their applicability 
[81]–[85]
. 
 
 
Figure 1.16: Potential applications of electrospun nanofibers 
[86]
. 
1.4.2 Production of nanofibers by electrospinning  
Electrospinning is by far the most suitable method to obtain 
homogeneous, reproducible and well-defined polymer nanofibrous 
structures in large quantities. Furthermore the electrospinning process 
is relatively straightforward, flexible and cost efficient 
[87]–[90]
.  
 
To produce polymer nanofibers using electrospinning, the polymer is 
typically dissolved in an appropriate solvent. This polymer solution is 
then introduced in an electric field. The field is applied between a 
charged liquid and a collector. When the electrostatic forces overcome 
the surface tension of the liquid, a jet is pulled towards the collector 
facilitating the fiber drawing process.  
 
One can distinguish nozzle and nozzle-less electrospinning 
technologies (Figure 1.17). In general, polymers electrospinnable 
using the nozzle technology are also electrospinnable using the 
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nozzle-less technology and vice-versa, provided some optimization is 
performed. 
In nozzle electrospinning, the charged liquid is pushed through the tip 
of a fine orifice such as a needle at a controlled rate. In nozzle-less 
electrospinning, the jets are drawn from a free liquid surface covering 
protrusions such as spikes.  
 
 
Figure 1.17: (a) Image of nozzle electrospinning illustrating the path of the 
polymer jet from the tip of the nozzle towards the collector (downward, 
upward or sideways spinning is possible) 
[91]
. (b) Nozzle-less electrospinning 
with a rotating head (upward spinning) 
[92]
.
 
Nozzle-less electrospinning represents an important technology for 
mass production of nanofibers 
[90]
. However nozzle electrospinning 
allows for significantly more control over the electrospinning 
parameters such as the flow rate and concentration of the polymer 
solution. This often leads to a better reproducibility, thus the wide 
majority of all research on electrospinning is carried out on nozzle 
based equipment 
[93]
. Within this PhD, all nanofibers were produced 
by nozzle electrospinning.  
 
Figure 1.18 shows a schematic illustration of a basic nozzle 
electrospinning setup. In nozzle electrospinning, the polymer solution 
is pumped through a nozzle at a constant flow rate in the electric field. 
When the electrostatic forces overcome the surface tension of the 
liquid, a taylor cone forms at the tip of the needle and the polymer jet 
is pulled towards the collector by the electric field, the solvent 
evaporates and the fiber is stretched before being deposited onto the 
collector. On its trajectory to the collector, the jet becomes unstable 
due to the interaction of the internal charges with the external 
electrical field. The main perturbation to which the jet is subjected is 
the bending instability, seen as a spiraling motion. Additionally, when 
the radial forces on the electrically charged jet become larger than the 
Introduction                                                                       21 
 
 
cohesive forces within the jet, splaying (or splitting) occurs 
[94]–[96]
. 
Thanks to this bending and splaying the polymer jet is additionally 
stretched during solvent evaporation, resulting in fibers with 
nanoscale diameters. 
 
 
Figure 1.18: Schematic illustration of a standard single nozzle 
electrospinning setup 
[97]
. 
 
Although electrospinning is based on a relatively simple principle, the 
parameters governing the process are numerous, including variables in 
setup design, solution, processing and ambient conditions. All these 
parameters can be adjusted in order to obtain the desired nanofiber 
morphology in a stable, reproducible and scalable way. For this, a 
stable electrospinning process is desired. In order to obtain such a 
stable electrospinning process, the amount of polymer that is 
transported through the nozzle per time unit needs to be equal to the 
amount of polymer deposited as nanofibers on the collector per time 
unit 
[98],[99]
. Stable electrospinning is thus only possible when the 
Taylor cone and deposition area are well-defined and stable in time 
(e.g. the Taylor cone does not move, nor grow or shrink). The 
electrospinning parameters define both the morphology of the 
obtained nanofibers and the process stability, making the parameter 
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choice crucial. Below, the parameters most commonly measured and 
adapted are discussed, as well as some general trends. 
 
Solution parameters 
When developing a new electrospinning system, the solution 
parameters are by far the most crucial. A suitable solvent for the 
desired polymer is needed to allow for the appropriate viscosity, 
conductivity, vapor pressure and surface tension as to enable the 
spinning of the nanofibers. Additives such as co-solvents, salts and 
surfactants may be required to tune the solution properties.  
The solution viscosity reflects the number of polymer chain 
entanglements which is directly linked to the polymer concentration 
and molecular weight 
[87]
. The number of entanglements has to be 
sufficient for stretching the polymer jet without breaking, otherwise 
droplets are formed. It has been reported that stable fiber formation is 
possible at ≥ 2.5 entanglements per chain [100]. In literature, the 
solution viscosity is commonly taken as the main screening parameter 
of electrospinning solutions. Generally speaking, higher viscosities 
lead to thicker fibers and smaller deposition areas since the bending 
rigidity of the jet is increased 
[101],[102]
.  
 
The solution conductivity of the polymer solution has to be high 
enough for the polymer jet to be sufficiently stretched. Low 
conductivities lead to bead formation, whereas higher conductivities 
can lower the fiber diameters 
[101]
. Highly conductive solutions, 
however, can be extremely unstable when using strong electric fields, 
leading to broad nanofiber diameter distributions 
[66]
. 
The vapor pressure of the polymer solution gives an indication of how 
fast the solvent will evaporate. If the solvent evaporates too fast, this 
results in coagulation of the polymer at the nozzle tip, thus 
destabilizing the electrospinning process and eventually blocking the 
nozzle. If the solvent evaporates too slowly, there will still be a 
significant amount of solvent present in the deposited nanofibers. This 
can lead to the formation of a polymer film instead of a nanofibrous 
membrane due to a re-dissolving of the deposited nanofibers. 
The surface tension of the polymer solution mainly affects the jet 
initiation during electrospinning. When it is too high, the instability of 
the jet causes spraying of droplets 
[87]
. This effect is more pronounced 
at low solution viscosities. Lowering the surface tension results in 
uniform fibers and makes spinning with lower electrical fields 
possible 
[101]
. 
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Processing parameters 
For each electrospinnable solution, a processing window can be 
defined, consisting of a set of adjustable interdependent parameters: 
the applied voltage,  the tip-to-collector distance (TCD) and the flow 
rate. The first two parameters define the electric field strength 
(voltage/TCD). Within the processing window, small changes to these 
parameters only have a minor influence on the electrospinning process 
and the resulting fiber diameter 
[103]
.  
The applied voltage is the main driving force of the electrospinning 
process, but is relatively easy to optimize. The voltage should be 
adjusted until a stable Taylor cone is obtained. The applicable field 
strength is limited by the dielectric breakdown in the processing 
atmosphere. 
The TCD determines the time for solvent evaporation and stretching 
of the polymer jet. As such, an insufficient TCD results in insufficient 
time for these processes, leading to inhomogeneous nanofibrous 
structures 
[104]
. Additionally, for appropriate jet stretching, sufficient 
electrostatic forces must be applied to the polymer jet. For this, the 
electric field strength must be high enough. Augmenting the TCD thus 
demands the use of higher voltages 
[105]
. 
The flow rate influences the amount of polymer stretching during 
electrospinning per unit of time. A minimum flow rate is needed for 
the formation of continuous nanofibers. Increasing the flow rate might 
lead to bead formation when not all of the polymer solution flowing 
through the nozzle can be stretched during spinning. An increase in 
flow rate should be accompanied by an increase in charges within the 
jet so that the rate at which the polymer solution is carried away by 
the jet and the stretching within the jet are sufficient for formation of 
smooth fibers 
[87]
. This is often the limiting factor, since these charges 
cannot be increased infinitely. A high flow rate, however, increases 
productivity. The highest flow rate producing smooth nanofibers is 
thus optimal for scaling up 
[98]
. 
 
Ambient parameters 
The ambient include temperature, relative humidity and to a lesser 
degree, atmospheric pressure. Although there is a general consensus 
that these parameters can greatly influence the process stability and 
nanofiber morphology 
[62],[87],[103]
, they have received less attention in 
literature. This is probably due to the lack of affordable 
electrospinning equipment allowing for active control. In general, 
these parameters affect the solvent evaporation rate and solution 
parameters. Temperature, for instance, affects solution viscosity, 
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solvent vapor pressure, etc. Relative humidity not only greatly affects 
polymers electrospun using water-based solvents by influencing 
solvent evaporation, but it might also affect fiber morphology using 
other solvent systems 
[103],[106]
 
 
 
Setup design 
The setup for nozzle electrospinning can be adjusted according to user 
preferences and the required properties of the nanofibrous membrane.  
Nozzle electrospinning can be performed downward, upward and 
sideways. For the upward or sideways configurations, droplets caused 
by process instabilities often do not reach the collector. These 
configurations thus allow for the production of droplet-free 
membranes, although some variations in web density and productivity 
should be taken into account. For research purposes, the downward 
configuration allows for easy analysis of process stability.  
Collector variables mainly influence the size of the nanofibrous 
membrane and the fiber orientation. A standard setup consists of a 
stationary flat collector, resulting in a nanofibrous random nonwoven 
structure. Upscaled multi-nozzle setups usually have a slowly moving 
flat collector for the production of larger nonwovens. In order to 
create aligned nanofibers, a high-speed rotating drum can be used. 
Additionally, nanofibers can be deposited onto other materials, such 
as glass or carbon fibers. More application-specific fiber depositions 
are possible using specialized collectors, reviewed by Pisignano et al. 
[103]
. 
1.4.3 Nanofibers in composite materials 
The unique properties of electrospun nanofibers are very useful for 
interlaminar toughening. The basic concept is simple and 
straightforward. Nanofibrous veils can act as a “pre-shaped co-
continuous thermoplastic phase” which is then impregnated with 
epoxy resin. Nanofibers can be produced from a wide range of 
thermoplastic materials, allowing to obtain nanofibrous veils with a 
wide range of mechanical and chemical properties.  
The resulting nanofiber toughened epoxy has a morphology which is 
similar to the co-continuous morphology in traditional toughening 
systems using thermoplastic materials (section 1.2.3). However, by 
using the nanofibrous structure as a “pre-shaped” morphology, there is 
no need for a complicated and difficult to control phase separation 
process. This is schematically illustrated in Figure 1.19. 
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Figure 1.19: Production of a co-continuous thermoplastic phase in an epoxy 
matrix using thermoplastic nanofibers. 
This principle can easily be applied to composite laminates. The 
nanofibrous membrane can be placed in the interlaminar regions in-
between the reinforcing glass or carbon fiber plies and can 
subsequently be impregnated with epoxy resin (Figure 1.20). This is a 
major advantage, as the viscosity of the epoxy resin remains 
unaffected. Furthermore the high porosity of the nanofibrous veil 
should allow for an easy impregnation. 
 
 
Figure 1.20: A schematic illustration of a nanofiber toughened laminate 
[107]
. 
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The interlaminar toughening of composite materials using electrospun 
nanofibers is a very novel research topic with however a strong 
increasing interest from both academia and industry. Pioneering work 
has been carried out by Dzenis and Reneker, who were the first to 
investigate and patent the use of nanofibers to increase the 
interlaminar toughness of composite laminates 
[107]–[111]
. It was 
reported that by incorporating electrospun PBI nanofibers in 
unidirectional composites made of graphite/epoxy prepregs, the Mode 
I interlaminar fracture toughness GIc increased by 15 %, while the 
Mode II interlaminar fracture toughness increased by 130 %. Since 
then, an increasing number of research groups investigated the effect 
of thermoplastic nanofibers on the interlaminar toughness of glass and 
carbon fiber reinforced laminates. Although some excellent 
experimental work has been carried out, most of the reported research 
is limited to interleaving a specific type of polymer nanofibers into a 
specific composite structure, leading to scattered data and missing an 
in-depth understanding of the main principles at stake. A short 
overview of available literature is given below. 
 
In 2008, Li et al. 
[112],[113]
 toughened carbon fiber/epoxy laminates by 
interleaving electrospun polysulfone (PSF) nanofibrous veils. The 
laminates were produced from carbon prepreg materials. The PSF 
nanofibers dissolved after impregnation with the epoxy resin. As such 
their nanofibrous morphology was lost during curing. However, the 
use of nanofibers did prove to be an efficient method to introduce the 
PSF in the interlaminar regions and the phase separated morphology 
obtained after curing turned out to be very uniform. Li et al. also 
compared these PSF nanofiber toughened laminates to laminates 
toughened with PSF films. It was found that the Mode I interlaminar 
fracture toughness of the nanofiber toughened laminates was 140 % 
and 280 % higher than those of PSF film toughened and untoughened 
laminates respectively due to a more uniform dispersion of the PSF 
after phase separation. 
 
In 2010-2011, Zhang et al. 
[114],[115]
 investigated polyetherketone-cardo 
(PEK-C), polycaprolactone (PCL), polyvinylidene fluoride (PVDF) 
and polyacrylonitrile (PAN) nanofibers directly deposited on carbon 
fabrics. The composites were produced using hand layup. The PEK-C 
nanofibers could increase the Mode I fracture toughness around 25 % 
while PCL led to an improvement of around 90 % compared to the 
untoughened reference laminates. However, it should be noted that the 
reference composites had a rather low interlaminar fracture toughness 
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(around 200 J/m
2
). Both PEK-C and PCL could dissolve in the epoxy 
resin at elevated temperatures, however due to the high viscosity of 
the polymer melts the original fibrous morphology was largely 
maintained after curing. The PVDF and PAN seemed to have only a 
limited effect on the Mode I interlaminar fracture toughness. 
 
In 2012, Papila and coworkers 
[116]–[118]
 investigated the effect of 
epoxy functionalized polystyrene nanofibers, i.e. polystyrene-co-
glycidyl methacrylate P(St-co-GMA). The nanofibers were spun 
directly on carbon epoxy prepreg materials. The Mode II delamination 
resistance was increased up to 70 % going from about 950 J/m
2
 for the 
reference composite up to 1470 J/m
2
. In 2014, a follow-up paper was 
published on the effect of these P(St-co-GMA) nanofibers on the uni-
axial tensile strength of [0°]6 and [(0°/90°)]6 interleaved laminates 
showing an increase in tensile strength by 12 % and 18 % 
respectively, with almost no weight penalty associated with the 
nanofibrous interlayers. Moreover, the open hole tension strength 
(OHT) was increased by 9 %. 
 
Zucchelli, A. and coworkers published several papers on the effect of 
nanofibrous interleaves on the interlaminar toughness of glass and 
carbon fiber reinforced laminates 
[119]–[121]
. All laminates were 
produced using glass or carbon prepreg materials. In one of their first 
papers (published in 2012), the effect PA6.6 nanofibrous mats on the 
interlaminar properties of carbon epoxy composite laminates was 
analyzed in both Mode I and Mode II loading. However our critical 
assessment of the data showed no significant improvements. In 2014, 
they analyzed the effect of both PA 6.6 and PCL nanofibers on the 
interlaminar fracture toughness for glass epoxy laminates. As opposed 
to the previously published results, an increase in Mode I (initiation 
value) and 68 % was reported using PA 6.6 nanofibers. PCL on the 
other hand showed an improvement of around 12 % in Mode I and 25 
% Mode II. This is significantly less than the improvements obtained 
by Zhang et al.  
 
In a very recent work (2015) by Gareth W. Beckermann and Kim L. 
Pickering, the toughening effect of PA 6.6, polyvinyl butyral (PVB), 
polycaprolactone (PCL), polyethersulfone (PES) and polyamide-imide 
(PAI) was analyzed under both Mode I and Mode II loading 
[122]
. All 
laminates were produced using glass or carbon prepreg materials. 
Only PA6.6 significantly improved the interlaminar fracture 
toughness from 317 J/m
2
 for the reference up to 423 J/m
2
 under Mode 
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I loading. Also under Mode II loading, PA6.6 had the biggest effect. 
The Mode II interlaminar fracture toughness increased from 1284 J/m
2
 
for the reference laminates up to 2173 J/m
2
for the interleaved 
laminates. In addition, PES and PAI nanofibers could also improve 
the Mode II interlaminar fracture toughness up to 1541 J/m
2
 and 2006 
J/m
2
 respectively. The authors suggested the low performance of the 
PCL nanofibers was due to a complete dissolution of the fibrous 
structure in the epoxy matrix.  
1.5 Objectives and outline  
From the previous sections it can be concluded that delamination of 
composites laminates is still a major problem and the interlaminar 
fracture toughness is often a limiting design parameter. The 
pioneering work of Dzenis and Reneker as well as recent work by 
other research groups, published during the course of this PhD, 
suggest that electrospun nanofibers can significantly increase the 
interlaminar fracture toughness of composite laminates. However the 
results published in open literature so far appear to be quite scattered. 
In order to explain these scattered results and design novel toughened 
composites a better understanding of the toughening (micro) 
mechanisms that are present in nanofiber interleaved laminates is 
necessary.  
 
In this PhD we aim to provide such insights. In addition special focus 
will be given to laminates produced by resin infusion systems, since to 
our opinion, these laminates can benefit the most from this novel 
toughening method as their need for low viscosity resins prevents the 
application of more traditional thermoplastic or rubber toughening 
methods. 
 
In chapter 3 the general micromechanical fracture mechanisms of 
electrospun nanofibers will be analyzed on three different levels 
simultaneously: (i) nanotoughened epoxy, (ii) nanotoughened 
interlaminar region and (iii) nanotoughened laminate. These levels 
coincide with the hierarchical nature of laminated composite 
materials. Level 1, the nanotoughened epoxy, provides insights on the 
interaction between the nanofibers and the epoxy resin. Level 2 
investigates the effect of the nanotoughened interlayer on the 
delamination behavior of the interlaminar region in laminated 
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composites produced by a resin infusion method called vacuum 
assisted resin transfer molding (VARTM). The final level, Level 3, is 
that of a nanotoughened composite laminate in which multiple 
interlayers have been interleaved with a nanofibrous veil. By using a 
realistic multidirectional stacking sequence and experiments, which 
simulate in-service loading conditions, this level analyses the 
toughening effect that can be expected in applications. Level 3 is thus 
to link the insights from Level 1 and Level 2 to the damage resistance 
of a true life composite. Once the general toughening mechanisms are 
unraveled, the subsequent chapters will focus on specific effects 
related to the toughening of the interlaminar region (Level 2). 
 
In chapter 4 the effect of the electrospun morphology will be studied. 
PCL nanofibers are compared to microfibers, films, microspheres and 
PCL spray coated glass fibers. 
 
Chapter 5 focuses on the effect of the interleaving method using PCL 
nanofibers. Three different methods for introducing nanofibrous veils 
into the interlaminar region will be compared. In addition, chapter 5 
evaluates the effect of these PCL nanofibrous veils on the in-plane 
properties of the laminates. 
 
Chapter 6 and 7 focus on the effect of the mechanical properties of the 
nanofibers on the interlaminar fracture toughness of glass epoxy 
laminates. In chapter 6 an electrospinning system will be developed 
which allows production of SBS fibers with tunable mechanical 
properties. These properties will then be linked to the interlaminar 
fracture toughness under both Mode I and Mode II loading in chapter 
7. 
 
Finally chapter 8 reports on the main conclusions and future 
perspectives. 
 
 
 
  
 
  
  
 
2 
 
Materials and methods  
 
 
 
 
 
 
 
 
 
 
 
 
This chapter provides an overview of the generic materials and methods 
used for the research in this PhD 
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2.1 Materials 
2.1.1 Materials used for the production and post-
modification of electrospun fibers 
Polymers  
Polyamide-6 (PA6), Mw 51,000 g/mol and polycaprolactone (PCL), 
Mw 191000  g/mol were obtained from Sigma-Aldrich. PCL with Mw 
100000 g/mol was obtained from scientific polymer products. Styrene 
butadiene styrene (SBS) copolymer (Kraton D1101) with a 
polystyrene content of 31 % was kindly supplied by Kraton Polymers 
LLC. All polymers were used as received. The chemical structure of 
PA6, PCL, and SBS is shown in Figure 2.1. 
 
 
 
 
Figure 2.1: Chemical structure of PA6, PCL and SBS. 
Solvents 
Acetic acid (99.8 v%), formic acid (98.0 v%), butyl acetate (99.5 %) 
and acetone (99.5 %) were obtained from Sigma-Aldrich and are used 
as received. 
 
Salts 
LiBr (99 %), obtained from Sigma-Aldrich, was used as a 
conductivity enhancer for the electrospinning of SBS. 
 
Triazolinediones 
4-phenyl-1,2,4-triazoline-3,5-dione (phenyl-TAD) was supplied by 
Sigma-Aldrich. 
Materials and methods  33 
 
 
 
4,4’-(4,4’-diphenylmethylene)-bis-(1,2,4-triazoline-3,5-dione) (MDI-
TAD) was kindly supplied by the Department of Organic and 
Macromolecular Chemistry, Polymer Chemistry Research Group, 
Ghent University. 
The chemical structure of both TAD compounds is shown in Figure 
2.2. 
 
 
 
Figure 2.2: Chemical structure of MDI-TAD (left) and Phenyl-TAD (right) 
2.1.2 Materials used for the production of glass 
epoxy laminates 
Glass fibers  
The composite laminates characterized in chapter 5 were produced 
from unidirectional glass fabric (Roviglas R17/475, Figure 2.1 A).  
The fabric consisted of unidirectional bundles of E-glass in the main 
fiber direction (fiber content of 475 g/m²), these bundles were woven 
together by another smaller bundle of glass fibers (fiber content 17 
g/m² ). The glass fiber fabric also contained a bisphenol A based 
thermoplastic polyesters binder (small droplets on surface) that had a 
positive effect on the interlaminar fracture toughness (reff lode) 
 
All other laminates were produced using a unidirectional E-glass 
fabric with an areal density of 500 g/m², UDO ES500, manufactured 
by the SGL Group. The UD glass fibers where kept together by a thin 
polyester thread (Figure 2.1 B) 
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Figure 2.3: (a) glass fiber fabric used in chapter 3; (b) glass fiber fabric 
used in all other chapters 
Epoxy resin 
All composite laminates were infused using a high toughness epoxy 
resin, typically used in the windmill blade industry. The epoxy resin 
was composed of EPIKOTE resin MGS RIMR 135 with EPIKURE 
curing agent MGS RIMH 137. Both were obtained from Momentive. 
2.2 Electrospinning 
2.2.1 Electrospinning equipment  
Several electrospinning setups were used throughout this PhD, all 
designed in-house, many of which were optimized throughout the 
course of this PhD. All electrospinning techniques were based on the 
nozzle solution electrospinning principle, meaning that in all cases 
polymer solutions, dissolved in an appropriate solvent, and nozzles 
were used. The electric field, necessary for electrospinning, was 
provided by positively charging the nozzle(s) and grounding the 
collector. 
 
Mono-nozzle setup     
This setup uses one needle for electrospinning onto a flat stationary 
aluminum collector. It was primarily used for the development of a 
new electrospinning solvent system for SBS (chapter 6). 
Electrospinning was typically carried out for 10 to 15 min per 
specimen resulting in small samples. The polymer solution is 
introduced into a PP/PE syringe and pushed through the needle (18 
gauge stainless steel 316 syringe needle with pipetting blunt 90° tip 
obtained from Sigma-Aldrich) using an infusion pump (KD Scientific 
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Syringe Pump Series 100). The positive high voltage was generated 
using a Glassman High Voltage Series EH30 voltage source with an 
output voltage of 0 to 30 kV.  
 
Multi-nozzle setup      
A multi-nozzle setup was required to obtain large uniform nanofibrous 
structures required for interleaving composite laminates. This setup 
uses multiple needles to increase the throughput of the electrospinning 
process. The nanofibers are electrospun onto a flat moving aluminum 
collector or directly on top of the glass fiber mats. The needles move 
back and forward on an axis perpendicular to the collector motion. 
The electrospinning methodology is identical to the mono-nozzle 
setup. 18 gauge stainless steel mixing needles without bevel (Nordson 
EFD), an infusion pump (KD Scientific Syringe Pump Series 220-CE) 
and a high voltage source (Glassman High Voltage Series WK125P5) 
with output voltage of 0 to 125 kV are used. 
 
Rotating drum setup     
This setup uses one or two needles, moving along the axis of a 
rotating drum, while electrospinning sideways onto the drum. The 
drum has a diameter of 100 mm, a total width of 40 cm. The speed of 
the drum can be adjusted, allowing for the production of thick 
nonwoven samples at low rotation speed (2.5 rev/s) or the production 
of aligned nanofibers at high rotation speeds (66 rev/s). The other 
components of the rotating drum setup are identical to a mono-nozzle 
setup. The electrospinning needle moved at a constant speed of 0.15 
m/s parallel to the drum.  
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Figure 2.4: Schematic of the utilized electrospinning setups. 
2.2.2 Electrospun membranes 
Throughout this PhD several electrospun membranes were produced. 
Below one can find a classification based on polymer type. 
 
PCL membranes: The randomly oriented PCL nanofibers used in 
chapter 3 and 5 were electrospun on an in-house developed multi-
nozzle setup (2.2.1). 14 wt% PCL (Mw 191000, purchased from 
Sigma Aldrich) was dissolved in a 1:1 formic acid and acetic acid 
solution. Electrospinning was carried out within 5 hours after 
complete dissolution of the PCL in order to avoid significant 
degradation of the PCL polymer. The tip to collector distance was 
12.5 cm and the flow rate was set to 1 ml/h (per nozzle). The voltage 
was set between 20 kV and 25 kV to maintain a stable electrospinning 
process. The initial viscosity and conductivity of the solution was 
respectively 2700 ± 100 mPa s and 0.09 ± 0.1  mS/cm. The nanofibers 
had a diameter of 343 ± 150 nm. The membranes had an areal density 
varying from 5 g/m
2
 to 45 g/m
2
. 
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The aligned PCL nanofiber membranes, needed to estimate the 
mechanical properties of the PCL nanofibers in chapter 3, were 
produced using the same parameters as the randomly oriented 
nanofibers mentioned above. The nanofibers were produced using an 
in-house developed rotating drum setup. The rotation speed of the 
drum was set to 66 rev/s. The membranes had an areal density of 10 ± 
1 g/m
2
. The obtained nanofibers were all oriented in the same 
direction with a standard deviation of 10°. 
The PCL membranes used in chapter 4 were electrospun on an in-
house developed multi-nozzle setup (2.2.1).The electrospinning 
parameters used in chapter 3 and 4 were adjusted to compensate for 
the lower molecular weight of the bulk PCL. 23 wt% PCL (Mw 
100000, purchased from Scientific Polymer Products) was dissolved 
in a 30:70 formic acid and acetic acid solution. Electrospinning was 
carried out within 5 hours after complete dissolution of the PCL in 
order to avoid significant degradation of the PCL polymer. The tip to 
collector distance was 23 cm and the flow rate was set to 2 ml/h (per 
nozzle). The voltage was set between 20 kV and 25 kV to maintain a 
stable electrospinning process. The initial viscosity of the solution was 
3600 ± 100 mPa. The nanofibers had a diameter of 370 ± 200 nm. The 
membranes had an areal density of 5.0 ± 0.5 g/m
2
. 
 
PA6 membranes: The PA6 membranes used in chapter 3 were 
electrospun on an in-house developed multi-nozzle setup (2.2.1). 16 
wt% PA6 was dissolved in a 1:1 formic acid and acetic acid solution. 
The tip to collector distance was 6 cm and the flow rate was set to 2 
ml/h (per nozzle). The voltage was set between 20 kV and 25 kV to 
maintain a stable electrospinning process. The viscosity of the 
solution was 500 ± 50 mPas and the conductivity of the solution was 
0.7 ± 0.1 mS/cm. The nanofibers had a diameter of 195 ± 35 nm. The 
membranes had an areal density varying from 5 g/m
2
 to 15 g/m
2
. 
The aligned PA6 nanofiber membranes, needed to estimate the 
mechanical properties of the PA6 nanofibers in chapter 3, were 
produced using the same parameters as the randomly oriented 
nanofibers mentioned above. An alignment of ± 10° was achieved by 
using an in-house developed rotating drum setup. The rotation speed 
of the drum was set to 66 rev/s. All membranes had an areal density of 
10 ± 1 g/m
2
. 
 
SBS membranes: Solutions of SBS in butyl acetate were prepared to 
which LiBr and MDI-TAD were added. The concentration of SBS, 
LiBr and MDI-TAD was optimized using a design of experiment 
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protocol, further detailed in chapter 6. The optimization of solvent 
parameters was carried out on a mono-nozzle electrospinning device 
with a tip-to-collector distance of 15 cm and a flow rate of 2 mL/h. 
The voltage was set between 10 kV and 20 kV until a stable Taylor 
cone was achieved. The optimal electrospinning solution had a 
solution viscosity of 875 ± 50 mPa.s and a conductivity of 0.14 ± 0.02 
μS/cm and contained 13 wt% of SBS, 0.45 wt% MDI-TAD (relative 
to SBS weight) and 0.013 g/ml LiBr. This resulted in SBS fibers with 
a diameter of 2.0 μm ± 0.5 μm without beads. 
The aligned fibers, needed to estimate the mechanical properties of the 
SBS fibers in chapter 6 as well as the randomly oriented fibers which 
are incorporated in the glass epoxy composites in chapter 7, were all 
electrospun using an in-house developed electrospinning machine 
with a rotating drum collector. The tip-to-collector distance was set to 
20 cm, while the flow rate was set at 1.25 ml/h. The voltage was set 
between 15 kV and 25 kV until a stable Taylor cone was attained. To 
obtain aligned fibers the speed of the drum was set to 66 rev/s, 
whereas to obtain randomly oriented fibers the speed was set to 2.5 
rev/s. Both the aligned and the randomly oriented SBS fibers had a 
diameter of 2.0 μm ± 0.5 μm. The aligned  SBS fibers had an areal 
density of 10 ± 1 g/m
2
, whearas the randomly oriented SBS fibers had 
an areal density of either 12 ± 1 g/m
2
 or 22 ± 1.5 g/m
2
. 
TAD post-treatment of SBS membranes: TAD post-treatment of the 
SBS fibers was carried out by submerging an electrospun membrane 
into a solution of the TAD compound in acetone. The phenyl−TAD 
solution had a concentration of 0.036 mol/L whereas the MDI−TAD 
solution had a concentration of 0.018 mol/L. The electrospun 
membranes were immersed into one of these reactive solutions for 
prolonged times ranging from 10 to 180 min, in order to create 
membranes with an increasing extent of modification. Finally, the 
membranes were rinsed with acetone to remove any unreacted 
compounds. 
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2.3 Production of glass epoxy laminates using 
vacuum assisted resin transfer molding 
The composite laminates were manufactured by vacuum assisted resin 
transfer molding (VARTM). The glass fiber mats were stacked into a 
steel mold, either in a [0°]8 or in a [0°/90°]2s configuration. All 
laminates consisted of 8 layers of glass fibers and had a total thickness 
of 3 ± 0.1 mm.  
Three different configurations were used to introduce the nanofibers 
into the laminates throughout this PhD (figure 2.5). In addition to 
these three configurations, reference samples were produced 
containing only glass fibers. 
 
Figure 2.5: Illustration of different interlaying methods  
In the first configuration a single layer of nanofibers was directly 
electrospun on one side of the glass fiber mats. These mats are stacked 
on top of each other. Hence, the interlayer of two neighboring plies 
contains a single layer of nanofiber nonwoven. This configuration will 
be referred to as the single layer deposited configuration (SLD). 
The second configuration, referred to as the double layer deposited 
configuration (DLD), consists of one layer of nanofibers electrospun 
on each side of the glass fiber mats. Therefore, the interlayer of two 
neighboring plies contained two layers of nanofibers on top of each 
other. 
The third configuration was named the interlayered configuration (IL). 
This configuration consists of stand-alone nanofiber nonwovens 
placed in between the glass fiber mats. Therefore, the interlayer 
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contains one layer of nanofibrous nonwoven, but that layer is not 
directly electrospun onto the glass fiber mats. 
 
Prior to infusion, the resin and hardener were mixed in a 100:30 mass 
ratio. A mechanical stirrer was used to ensure good mixing of resin 
and hardener. After mixing, the epoxy resin was placed under vacuum 
for 15 min to remove any air introduced during mixing. After 
infusion, the glass-epoxy laminate is first cured at room temperature 
for 24 hours and then post-cured for 15 hours at 80 °C according to 
the manufacturer’s recommended curing cycle.  
2.4 Characterization of electrospinning solutions 
and electrospun nanofibrous veils 
2.4.1 Viscosity 
The viscosity of electrospinning solutions was measured using a 
Brookfield viscometer LVDV-II (spindle S18, viscosity range of 1.5 – 
30,000 mPa.s). 
2.4.2 Conductivity 
The conductivity of electrospinning solutions was determined using a 
CDM210 conductivity meter (Radiometer Analytical). 
2.4.3 Scanning electron microscopy 
The fiber morphology of the electrospun structures was examined 
using SEM (FEI Quanta 200 F) at an accelerating voltage of 20 kV. 
Sample preparation was done using a gold sputter coater (Balzers 
Union SKD 030).  
2.4.4 Tensile properties 
Tensile tests were performed on a Statimat tensile testing machine 
(TexTechno, Germany) in accordance to ASTM D 882, using 
nanofiber membranes containing aligned nanofibers (figure 2.6). The 
membranes with an areal density of approximately 10 g/m
2
 were 
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produced on the high speed rotating drum collector. The bulk 
properties were characterized on solvent casted polymer films of 
approximately 10 µm thickness. All samples were conditioned and 
tested at 20 ± 2 °C and 65 ± 4 % relative humidity according to 
ASTM 1776. All samples had a width of 5 mm, while the gauge 
length was fixed at 50 mm.  
The cross-sectional area of the samples was estimated by measuring 
the mass of the rectangular samples over a length of 200 mm, and 
dividing it by the sample length and the density of the bulk polymer. 
The crosshead speed was adjusted according to ASTM D 882, 
depending on the elongation at break in a pre-test. At least 5 samples 
were tested for each sample type. 
 
Figure 2.6: Image of test setup used to determine the tensile properties of 
electrospun fibers. (a) nanofiber sample mounted in Statimat tensile testing 
machine (b) test specimen of aligned nanofibers, (c) SEM image of the test 
specimen. 
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2.4.5 Dynamic mechanical analysis 
DMA measurements were performed on a TA Instruments Q800, 
equipped with liquid nitrogen cooling (LNCS) and film tension 
clamps. Calibration was done according to a manufacture-defined 
procedure. Temperature calibration was performed by means of the 
melting transition of Indium. Aligned nanofibrous membranes were 
measured in film tension mode. The frequency was kept constant at 1 
Hz and the displacement amplitude was set to 0.5 % strain for the low 
modulus samples and to 0.25 % strain for the high modulus samples 
(storage modulus > 100 MPa at 20 °C). A temperature sweep from -
140 °C (equilibration time of 10 min) to 120 °C was conducted at a 
rate of 5 °C/min. 
2.4.6 Infrared spectroscopy 
A Fourier Transform Infrared (FTIR) spectrometer with Attenuated 
Total Reflectance (ATR) accessory (diamond crystal) from Thermo 
Scientific (Nicolet iS50) was used to record the IR spectra. The 
spectra were recorded in the range 4000-400 cm
-1
 with a resolution of 
4 cm
-1
, 32 scans were averaged for each spectrum. 
2.5 Characterization of the composite laminates 
2.5.1 Mode I interlaminar fracture toughness  
The Mode I interlaminar fracture toughness (GIc) of the laminates was 
determined using the Double Cantilever Beam (DCB) method 
according to ASTM D5528. An Instron 5800R machine equipped with 
a load cell of 500 N was used. GIc was determined as follows: 
 
 
𝐺𝐼 =
3𝑃𝛿
2𝑏(𝑎 + |Δ|)
𝐹 (1) 
where: 𝑃  is the load, 𝛿  is the displacement, 𝑏 is the width, 𝑎  is the 
delamination length, |Δ|  corrects for crack front rotations and 𝐹 
corrects for large displacement effects. The DCB-specimens were 
opened at 3 mm/min and the crack front propagation was followed by 
a travelling microscope. The load was introduced to the specimens by 
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piano hinges. A natural Mode I precrack of 3 mm was introduced in 
the samples after which the sample was unloaded and tested again. 
The GIc,ini value was determined from the 5 %/max point on the load-
displacement curves 
[17]
. The specimens were cut to 150 mm by 
20 mm. An initial delamination of 50 mm was used (Figure 2.4). At 
least three specimens were tested for each configuration. 
 
 
Figure 2.7: Schematic representation of a Mode I sample. 
2.5.2 Mode II interlaminar fracture toughness  
The Mode II interlaminar fracture toughness (GIIc) of the laminates 
was determined by End Notched Flexure experiments. The ENF 
experiments consist out of three-point bending experiments on 
specimens (140 x 20 x 3 mm) with an initial delamination 𝑎0 of 40 
mm (produced by the initiation film) and a span length of 100 mm 
(Figure 2.5). The experiment was displacement controlled and the 
crosshead movement was set to 1 mm/min. The GIIc values were 
determined according to the Compliance-Based Beam Method 
[123]–
[125]
: 
 𝐺𝐼𝐼𝑐 =
9𝑃𝑚𝑎𝑥2𝑎𝑒𝑞
2
16𝑏2𝐸𝑓ℎ3
 (2) 
where: 𝑃𝑚𝑎𝑥 is the maximum load, 𝑎𝑒𝑞  is a corrected delamination 
length, 𝑏  is the width, 𝐸𝑓  is the flexural modulus and ℎ  is the 
thickness. At least three specimens were tested for each configuration. 
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Figure 2.8: Schematic representation of a Mode II sample. 
2.5.3 Tensile properties  
Tensile tests were performed on an electromechanical Instron 5800R 
machine with a load cell of 100 kN following the ASTM 
D3039/D3039M standard. The experiments were displacement 
controlled with a speed of 2 mm/min and both displacement and load 
were recorded. 
Both [0°/90°]2s and [+45°/-45°]2s tensile specimens were cut from a 
[0°/90°]2s laminate. The [0°/90°]2s tensile specimens were 
instrumented with an extensometer to measure the longitudinal strain. 
The [+45°/-45°]2s tensile specimens were instrumented with two strain 
gauges to measure shear. All signals were sampled at the same time 
basis. The nanofiber containing tensile specimens had a double layer 
deposited (DLD) configuration and contained 10 g/m
2
 or 20 g/m
2
 of 
PCL nanofibers in each interlayer. Four samples were tested for each 
of these configurations. 
2.5.4 Open hole strength  
Tensile tests were performed on an electromechanical Instron 5800R 
machine with a load cell of 100 kN. The experiments were 
displacement controlled with a speed of 2 mm/min and both 
displacement and load were recorded. 
 
The laminates had an [0°/90°]2s layup. The open hole strength 
specimens had a width of 36 ± 0.5 mm and a central hole of 8 ± 0.1 
mm in diameter. The nanofiber containing open hole specimens had a 
DLD configuration and contained 5 g/m
2
 or 20 g/m
2
 of PCL 
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nanofibers in each interlayer. Three samples were tested for each 
configuration.  
2.5.5 Low velocity impact 
Low velocity impact experiments were performed according to ASTM 
D7136 at an impact energy of 67 J (drop height of 1 m and impactor 
mass of 8.17 kg). The experiments were executed on an in-house 
developed impact test machine. The test machine was equipped with a 
Gen. 5I oscilloscope to record acceleration, load and displacement 
data of the impactor. Two Photron SA4 high-speed cameras were used 
to observe the upper and lower face of the specimens during impact. A 
third AP-XRS high-speed camera was used to measure displacement, 
velocity and acceleration of the impactor by the use of a specific line 
pattern stuck on the impactor. Crossply [0°/90°]2S specimens with a 
nominal thickness of 3 mm were used. Electrospun nanofibrous veils 
were interleaved on each 0°/90°-interface. 
2.5.6 Dynamic mechanical analysis 
DMA measurements were performed on a TA Instruments Q800, 
equipped with liquid nitrogen cooling (LNCS). The experiments were 
carried out with a single cantilever clamp. The frequency was kept 
constant at 1 Hz and the displacement amplitude was set to 20 µm. 
The experiments started with bringing the DMA-temperature to 30 °C 
followed by an equilibration time of 15 min, after which the 
temperature was raised at 2.5 °C/min to 150 °C. At least 3 samples 
were tested for each configuration. 
2.5.7 Optical microscopy  
Analysis of composite laminate cross sections was carried out using 
an Olympus BX51 optical microscope equipped with an Olympus 
UC30 camera.  
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Interlaminar toughening using 
electrospun nanofibers: general 
toughening mechanisms  
 
 
In chapter 1 it was explained that delaminations between reinforcing plies 
remain a major problem limiting further breakthrough of composite 
materials. This chapter will show how electrospun nanofibers can enhance 
the interlaminar fracture toughness of fiber reinforced laminates in order to 
prevent such delaminations. The main micromechanical fracture 
mechanisms are discussed on 3 different levels corresponding to the 
hierarchical nature of a composite: the laminate, the interlaminar region, 
and the matrix resin. The main focus of the present PhD is on the level of 
the interlaminar region, which will be further analyzed in the subsequent 
chapters. This chapter however aims to clarify the more general principles 
on all three levels and thus combines the work of the present PhD with 
other PhD-work within our research group. 
 
Parts of this chapter are published in: 
 
S van der Heijden*, L Daelemans*, I De Baere, H Rahier,W Van Paepegem W, K De Clerck. 
*Shared first authors. Damage-Resistant Composites Using Electrospun Nanofibers: A 
Multiscale Analysis of the Toughening Mechanisms. ACS applied materials & interfaces 
2016;8:11806-11818. JCR impact factor  7.145, ranking: Q1 
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3.1 Introduction: a multi-level approach for 
analyzing nanofiber reinforced composites 
Nanofiber toughened composites are complex materials that consist 
out of primary reinforcing fibers (e.g. carbon fibers or glass fibers), an 
epoxy resin and nanofibers. The primary reinforcing fiber mats can 
have specific architectures (e.g. unidirectional or various types of 
woven structures) and can be placed in various stacking sequences. 
The properties of the epoxy matrix itself can also vary significantly, 
going from very brittle to very tough. Finally the nanofibers 
themselves can be produced from a wide range of polymers and can 
thus have very different mechanical properties as well as a varying 
chemical compatibility with the epoxy matrix. 
 
It is thus clear that a multi-level approach is an absolute need to 
contribute to a better understanding of the overall toughening 
mechanisms in electrospun nanofiber toughened composites. 
Therefore this chapter focuses on three different levels (Figure 3.1), 
coinciding with the hierarchical nature of laminated composite 
materials: (i) the nanotoughened epoxy, (ii) the nanotoughened 
interlaminar region and (iii) the nanotoughened laminate.  
 
Level 1, the nanotoughened epoxy is composed of nanofibers 
embedded in epoxy resin. As such this level will provide insights in  
the interaction between the nanofibers and the epoxy resin.  
 
Level 2 focuses on the interlaminar region in laminated composites, 
this interlaminar region will consist out of nanotoughened epoxy 
(level 1), surrounded by primary reinforcing (glass) fibers. Hence, 
Level 2 investigates the effect of the nanotoughened interlayer on the 
delamination behavior of the interlaminar region.  
  
The final level, Level 3, is that of a nanotoughened composite 
laminate in which multiple interlayers have been interleaved with a 
nanofibrous veil. By using a realistic multidirectional stacking 
sequence and experiments which simulate in-service loading 
conditions, this level analyses the toughening effect which can be 
expected in applications. It is thus to link the insights from Level 1 
and Level 2 to the damage resistance of a true life composite.  
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This multilevel approach allowed us to accurately determine the 
crucial parameters and toughening mechanisms through the use of 
electrospun nanofibers on the micro- and macroscale.  
 
 
 
Figure 3.1: Multi-level approach for analyzing the toughening 
(micro)mechanisms in composites interleaved with electrospun nanofibrous 
veils. 
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3.2 Level 1: The nanotoughened epoxy 
Level 1 analyses the mechanical properties of the electrospun 
nanofibers and their effect on the fracture toughness of the resulting 
nanotoughened epoxy, thus allowing to determine the toughening 
mechanism of nanofibers.  
 
Two types of nanofibers were selected as model systems, i.e. 
polyamide 6 (PA6) and poly-(ε-caprolactone) (PCL), both of which 
have a high toughness compared to the epoxy matrix, but different 
mechanical properties (Figure 3.2a). The PA6 nanofibers show a 
relatively high E-modulus (960 ± 30 MPa) and tensile strength (101 ± 
9 MPa). Their response is fairly elastic with relatively low strain at 
failure compared to the PCL nanofibers which have a lower E-
modulus (391 ± 54 MPa) as well as tensile strength (79 ± 3 MPa). 
Figure 3.2a also illustrates the superior mechanical response of 
electrospun PCL nanofibers compared to the bulk material due to the 
molecular alignment of polymer chains, e.g. the bulk PCL polymer 
has a lower E-modulus (195 ± 10 MPa) as well as tensile strength 
(11.3 ± 0.3 MPa) compared to the PCL nanofibers and deforms by 
extensive yielding.  
The mechanical properties of the toughening fibers are relevant for 
their potential toughening effect in the final composite. It is therefore 
important to stress that the tensile properties of the embedded PCL 
nanofibers are expected to be in between the bulk and the electrospun 
properties due to the curing cycle of the epoxy resin. As the resin is 
first cured at room temperature followed by a second curing step at an 
elevated temperature of 80 °C (all according to the manufacturer’s 
recommended cure cycle), the PCL nanofibers will melt during the 
second curing stage where the temperature is above the PCL melting 
temperature. The first curing step at room temperature however 
ensures the melting at this second curing step (and resolidifying, after 
cool down) take place in a confined region - the initial nanofiber 
region- as the epoxy resin already shows a strong reduced mobility 
after the room temperature curing step. This confinement effect is 
supported by SEM analyses carried out in the Chapter 4. A 
comparison of the SEM images of the different PCL morphologies 
before and after testing in chapter 4 (figure 4.1 versus figure 4.5) 
confirms the overall morphology of the PCL structure is maintained 
after curing. The tensile properties of the embedded PA6 nanofibers 
on the other hand, are expected to be close to the electrospun 
General toughening mechanisms  51 
 
 
 
properties due to their relatively high melting point (approx. 220 °C) 
being far above the curing temperature. 
 
Figure 3.2: Toughening mechanisms in nanofiber reinforced epoxy. (a) 
Stress-strain curves illustrating the different tensile properties of PCL and 
PA6 nanofibers. Bulk PCL properties are also shown as the embedded PCL 
nanofibers will melt due to the post-curing of the epoxy resin. (b) Load-
displacement curves of SENB specimens show that while the epoxy resin 
exhibits brittle fracture, PCL and PA6 nanotoughened epoxy fails by 
extensive plastic fracture. (c) The nanotoughened epoxy has a higher 
fracture toughness than the unmodified bulk epoxy resin. Furthermore, its 
fracture toughness increases substantially with increasing crack growth. (d) 
Illustration of the intrinsic and extrinsic toughening mechanisms in the 
nanotoughened epoxy.  
 
Nanotoughened epoxy was produced by infusing a stacking of 
nanofibrous veils with epoxy resin under vacuum. The volume 
fraction of nanofibers was controlled to be similar to the volume 
fraction of nanofibers in the interlaminar region in a final laminate. 
This allowed to accurately determine the fracture toughness via the 
standardized (ASTM D5045) Single Edge Notched Bending (SENB) 
method. This is essentially a 3-point bending experiment carried out 
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on a pre-notched sample (details of the methodology and experiment 
design will be elaborated in the PhD of Lode Daelemans) 
 
These SENB experiments showed that while the matrix resin exhibits 
brittle failure, i.e. sudden and complete failure at the point of crack 
initiation, both PCL and PA6 nanotoughened epoxy fail by extensive 
plastic failure (Figure 3.2b). This resulted in an increased fracture 
toughness of the nanotoughened epoxy compared to the bulk epoxy 
resin (Figure 3.2c).  
 
The larger amount of energy required to initiate cracks in the 
nanotoughened epoxy indicates that the nanofibers result in intrinsic 
toughening, i.e. toughening mechanisms acting in the fracture 
processing zone in front of the crack tip (Figure 3.2d). These 
toughening mechanisms are most likely related to yielding of the 
nanofibers. Since the embedded PCL nanofibers will exhibit excessive 
yielding when loaded, this effect is especially evident in the PCL 
nanotoughened epoxy where about 30 % more energy is required for 
crack initiation. Additionally, the crack propagation energy increases 
tremendously, as can be noted from the sustained loading capability of 
the nanotoughened epoxy specimens after crack initiation. Basically, 
more and more energy is required to extend the crack in 
nanotoughened epoxy (Figure 3.2c), while the brittle unmodified 
epoxy immediately fails when the critical load is reached. This 
increase in propagation fracture toughness can be related to the 
extrinsic toughening mechanism of nanofiber bridging (Figure 3.2d): 
upon crack extension, nanofibers will bridge the newly formed crack 
surfaces and take up energy by straining, yielding and fracture. Hence, 
the fracture toughness of the nanotoughened epoxy increases with 
increasing crack growth as the zone of bridging nanofibers becomes 
larger. 
 
The proposed mechanism of nanofiber bridging was confirmed by 
SEM analysis on the fracture surface of broken SENB specimens. The 
three main mechanisms acting in nanofiber bridging zones observed 
from the SEM images are schematically illustrated in Figure 3.3, i.e. 
straining of the nanofiber without debonding, straining of the 
nanofiber with partial debonding and full debonding/peeling of the 
nanofibers. The SEM images showed a high degree of irregularity and 
plastically deformed nanofibers protruding from the epoxy as opposed 
to the flat mirror-like fracture surface of neat epoxy specimens (Figure 
3.4). In order for the bridging nanofibers to increase the fracture 
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toughness, the mechanical properties of the nanofiber are very 
important, more specifically the nanofibers should take up more 
energy by bridging than the energy that would be required to fracture 
neat epoxy resin in that area. Therefore in chapter 7 a more detailed 
analysis of the effect of the mechanical properties of electrospun 
fibers on the toughness of nanofiber reinforced composites will be 
presented. Apart from the mechanical properties of the nanofibers, 
also the nanofiber-matrix adhesion is crucial for enhancing the 
fracture toughness of the epoxy since, it will determine the load 
transfer from the epoxy to the nanofibers. Zoomed in SEM images of 
the SENB fracture surface reveal that the PCL-epoxy adhesion is very 
good, whereas it seems rather low for PA6 nanofibers.  
 
The good interfacial adhesion of PCL nanofibers and the epoxy can 
most likely be explained by the occurrence of partial diffusion of PCL 
into the epoxy resin. This results in a diffuse interfacial region with no 
distinct transition between PCL polymer and epoxy polymer leading 
to a good adhesion between both polymers.  
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Figure 3.3: Interaction of a bridging nanofiber with the crack front. (a) 
schematic view of an embedded nanofiber interacting with the crack front 
which can result in (b) straining of the nanofiber without debonding, (c) 
straining of the nanofiber with partial debonding from the epoxy or (d) 
complete debonding of the nanofiber (peeling). 
 
Figure 3.4: (a) “In-situ” observation of nanofibers bridging a microcrack in 
a tested specimen. (b) SEM images of SENB fracture surface of PCL 
nanotoughened epoxy showing good adhesion between epoxy and PCL 
nanofibers. The PCL nanofibers are strained without debonding from the 
epoxy. (c) In contrast, the adhesion between epoxy and PA6 nanofibers was 
rather low as indicated by the smooth surface of the PA6 nanofibers and 
imprints left in the epoxy. 
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PA6 nanofibers on the other hand, do not partly dissolve into the 
epoxy resin and have very limited chemical interaction with it. The 
adhesion of PA6 nanofibers and the epoxy resin will mainly be 
governed by fairly weak Van der Waals forces. Although the high 
surface area to volume ratio of the PA6 nanofibers allows for 
sufficient adhesion strength under shear forces, the adhesion strength 
rapidly declines when the nanofibers are subjected to peeling forces 
(normal forces). This mechanism is also observed on the SEM images 
of broken PA6 nanotoughened epoxy specimens where a certain 
fraction of nanofibers seemed to be peeled off from the epoxy resin 
without much deformation (Figure 3.4c). These nanofibers are not 
likely to take up much energy as they do not deform but rather peel 
from the matrix, and therefore they have no significant contribution to 
the fracture toughness of the nanotoughened epoxy. As such, the 
difference in nanofiber-epoxy adhesion for PA6 and PCL, combined 
with the more suitable mechanical properties of the PCL nanofibers as 
defined by their higher amount of yielding and their overall higher 
work of rupture, can explain why the PCL nanocomposites showed 
the best improvements in fracture toughness.  
3.3 Level 2: Nanotoughened interlaminar region 
Level 2 analyses the interlaminar region of nanofiber interleaved 
composites. For non-toughened laminates the interlaminar region is 
considered to be a weak part of the composite as it consists out of a 
resin rich layer and is exposed to stress concentrations due to a 
mismatch in elastic properties of adjacent plies. The interlaminar 
fracture toughness is often a limiting design parameter since failure on 
the structural level of composites is predominantly governed by 
delamination between plies resulting from cracks in the interlaminar 
region. By interleaving the composites with nanofibrous veils, the 
interlaminar region will consist no longer solely out of brittle epoxy 
resin, but rather out of the nanotoughened epoxy (Figure 3.1). 
The interlaminar fracture toughness is analyzed under both Mode I 
and Mode II loading, 𝐺𝐼𝑐  and 𝐺𝐼𝐼𝑐 , by the DCB and ENF method 
respectively, for an extensive set of composites interleaved with PCL 
and PA6 nanofibers. The improvement in interlaminar fracture 
toughness for PA6 and PCL interleaved composites is shown in 
Figure 3.5a. The 𝐺𝐼𝑐 and 𝐺𝐼𝐼𝑐 values were both obtained at the point of 
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macroscopic delamination initiation. Both PCL and PA6 nanofibers 
show an extraordinary increase in 𝐺𝐼𝐼𝑐 . This result is in accordance 
with the results obtained for Level 1 where both PA6 and PCL 
nanocomposites had an increased fracture toughness. The increase in 
𝐺𝐼𝑐 is slightly lower than the increase in 𝐺𝐼𝐼𝑐 for the PCL toughened 
laminates but still very substantial, whereas PA6 nanofibers seemed to 
have hardly any effect on 𝐺𝐼𝑐. Based only on the results of the Level 
1, one may not expect such a different behavior between Mode I and 
Mode II loading conditions. However, under Mode I loading, crack 
growth subjects the nanofibers to normal forces. When the nanofiber-
matrix adhesion is low, e.g. in case of PA6 nanofibers (see Level 1), 
this causes extensive peeling of the nanofibers. Hence, the adhesion 
between nanofiber and epoxy resin becomes very important under 
Mode I delamination growth as low interfacial strength results in low 
energy uptake by the nanofibers and thus low toughening. This 
mechanism results in minor to no improvements in 𝐺𝐼𝑐  for PA6 
interleaved laminates. Under Mode II loading conditions, adhesion 
between nanofiber and epoxy resin poses less of a problem as the 
shear adhesion strength of all nanofibers is relatively high due to their 
high surface area to volume ratio. As a result, high improvements in 
𝐺𝐼𝐼𝑐  are obtained for PCL as well as PA6 nanofiber toughened 
composites. 
 
 
Figure 3.5: (a) Mode I and Mode II interlaminar fracture toughness for 
nanofiber interleaved composite. (b) Relative fracture toughness (compared 
to reference material without nanofibers) of SENB results (Level 1) and 
Mode II microcrack initiation (Level 2) is similar since Mode II initiation is 
governed by tensile microcracks in the nanocomposite interlayer material. 
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Microscopic analysis of tested DCB and ENF specimens showed the 
presence of additional micromechanisms related to the interlaminar 
region which affect the fracture toughness of the nanofiber toughened 
composites. Figure 3.6 and Figure 3.7 schematically present the 
observed delamination path for Mode I and Mode II loadings. 
Contrary to the common assumption that delaminations propagate in 
the middle of the interlaminar region, microscopy showed that 
delaminations in virgin composites progress almost exclusively at the 
glass fiber-epoxy interface. The energy required for such interfacial 
failure will depend on the adhesion of the glass fibers with the matrix 
resin and forms the major contribution to 𝐺𝐼𝑐   and 𝐺𝐼𝐼𝑐  of virgin 
laminates.  
 
Figure 3.6: Schematic view of the delamination path in virgin (non-
interleaved) and interleaved composite laminates under Mode I loading. 
Non-interleaved laminates show almost exclusively glass fiber-epoxy 
debonding. In interleaved composite laminates, sporadic interlaminar 
crossings are observed besides glass fiber-epoxy debonding. Analysis of the 
fracture surface with SEM showed that nanofiber bridging zones develop in 
these interlaminar crossings. Adhesion between PCL and epoxy was 
relatively high compared to the low adhesion between PA6 and epoxy which 
resulted in extensive peeling of the PA6 nanofibers. 
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The delaminations in nanofiber interleaved composites show a more 
complex path with a combination of the glass fiber-epoxy interfacial 
failure as well as regular crossings of the interlaminar region through 
the nanotoughened interlayer. The amount of glass fiber-epoxy 
interfacial failure remains similar to that in virgin laminates as the 
interlaminar crossings are oriented transversely to the macroscopic 
delamination plane (Figure 3.6). However, the interlaminar crossings 
result in a crack through the nanotoughened epoxy which causes 
nanofiber bridging. Each interlaminar crossing corresponds to a crack 
through nanotoughened epoxy similar to the material studied in Level 
1. Hence, the increase in Mode I interlaminar fracture toughness of the 
nanofiber interleaved specimens can be attributed to the total amount 
of interlaminar crossing fracture surface area and the fracture 
toughness of the nanotoughened epoxy, 𝐺𝐼,𝐿𝑒𝑣𝑒𝑙 1, obtained in Level 1. 
The similarities in fracture behavior between interlaminar crossings 
and the nanotoughened epoxy are clearly visible from SEM images of 
the interlaminar crossings in DCB specimens (Figure 3.6). These 
SEM images show extensive nanofiber bridging with a similar 
morphology as the fracture surface of the nanotoughened epoxy 
specimens. 
In case of Mode II loading, the virgin laminates show glass fiber-
epoxy debonding as well as typical hackle formation due to shearing 
of microcracks (Figure 3.7). The fracture mechanism under Mode II 
loadings consists out of tensile (Mode I) microcrack formation in front 
of the crack tip in the interlaminar region followed by microcrack 
coalescence and hackle formation due to shear stresses 
[126],[127]
. The 
coalescence of microcracks in turn results in a macroscopic 
delamination advance. Hence, the improvement in Mode II 
interlaminar fracture toughness Δ𝐺𝐼𝐼𝑐  is a combination of the 
development of nanofiber bridging zones in microcracks – which form 
in the interlaminar region – as well as in interlaminar crossings. Just 
as for Mode I loading, the interlaminar crossings are related to the 
improved fracture toughness of the nanotoughened epoxy on Level 1. 
In addition, since microcrack initiation under Mode II loadings is 
governed by the formation of tensile microcracks in the interlaminar 
region, the increase in energy required to from these microcracks in 
the nanotoughened interlayer is similar to the increase in fracture 
toughness of the nanotoughened epoxy itself (Figure 3.5b).  
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Figure 3.7: Schematic view of the delamination path in virgin (non-
interleaved) and interleaved composite laminates under Mode II loading. 
Non-interleaved laminates show almost exclusively glass fiber-epoxy 
debonding combined with hackle formation. The hackles develop due to the 
formation of tensile microcracks in front of the crack tip. In nanofiber 
interleaved laminates, sporadic interlaminar crossings are observed besides 
glass fiber-epoxy debonding and hackle formation. More interlaminar 
crossings are observed under Mode II loading than under Mode I loading. 
Analysis of the fracture surface with SEM showed that nanofiber bridging 
zones also develop in the interlaminar crossings where both PCL and PA6 
nanofibers are strained. 
 
The interlaminar crossings are very important in order to obtain highly 
toughened composites as they are the main cause of nanofiber 
bridging on the interlaminar level as observed from the Level 2 
testing. One important parameter which can drastically affect the 
obtained interlaminar fracture toughness is the nanofibrous veil areal 
density. On the one hand, the interlaminar fracture toughness 
increases with increasing nanofibrous veil areal density as the 
interlaminar thickness 𝑡  increases linearly with veil density (Figure 
3.8a). On the other hand, the amount of interlaminar crossings 𝑛 under 
Mode I loadings quickly declines with increasing nanofibrous veil 
density, resulting in an optimum Δ𝐺𝐼𝑐 at intermediate veil densities of 
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about 10 g/m² for PCL nanotoughened composites (Figure 3.8b). For 
PA6 nanotoughened composites, only minor improvements in 𝐺𝐼𝑐 
independent of the veil density were obtained due to excessive peeling 
of the PA6 nanofibers in the interlaminar crossings (Figure 3.8b). 
Under Mode II loadings, the amount of interlaminar crossings is much 
less affected and Δ𝐺𝐼𝐼𝑐  increases with increasing nanofiber veil 
density (Figure 3.8c). 
 
Figure 3.8: (a) The interlayer thickness of interleaved composite laminates 
increases linearly with nanofibrous veil areal density and is similar for PA6 
and PCL nanotoughened laminates. (b) The 𝐺𝐼𝑐  of PCL interleaved 
laminates shows an optimum at 10 – 15 g/m² veil density as the amount of 
interlaminar crossings decreases with increasing veil density. The 
improvement in 𝐺𝐼𝑐  of PA6 interleaved laminates is relatively low and 
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independent of the veil density since excessive peeling of the PA6 nanofibers 
occurs in the interlaminar crossings which does not take up much energy. (c) 
The 𝐺𝐼𝐼𝑐 increases with increasing veil density for PCL and PA6 interleaved 
laminates as the amount of interlaminar crossings is relatively independent 
on the veil density and no peeling occurs. 
 
In subsequent chapters it will be shown that the crack path through the 
interlaminar region and more specifically the amount of interlaminar 
crossings is influenced by a wide range of parameters such as, the 
morphology of the electrospun polymer (chapter 4), the interleaving 
method (chapter 5) and the mechanical properties of the nanofibers 
(chapter 6 and 7). Generally, in order to increase the fracture 
toughness on the interlaminar level, the interaction between the 
delamination path (interlaminar crossings, microcrack formation) and 
the nanocomposite interlayer characteristics (fracture toughness, 
nanofiber properties, adhesion) are of crucial importance and should 
be considered in order to design damage resistant composite materials.  
3.4 Level 3: Nanotoughened laminate 
As mentioned above, the main focus of the subsequent chapters will 
be on the study of the interlaminar region (level 2) using standard 
DCB and ENF methods which are optimized to measure interlaminar 
fracture toughness between 0°/0° interfaces in unidirectional 
specimens. However structural composite laminates are typically 
made up of reinforcing plies with different ply orientation in order to 
have high mechanical properties in several directions. Delaminations 
will naturally occur at interfaces with dissimilar orientation due to the 
mismatch in elastic properties.  
To show the relevance of the data obtained on level 2, and as a general 
proof of principle of nanofiber toughening on a more structural level, 
Figure 3.9 shows an example of the work performed within our 
research group under the PhD of Lode Daelemans in which the 
toughening capability of electrospun nanofibers is shown on a large 
scale laminate with a true life realistic stacking sequence, which is 
subjected to a low-velocity impact (m = 8.17 kg, v = 4 m/s, E = 67 J).  
Crossply [0°/90°]2S composite laminates were produced with PA6 or 
PCL nanofibrous veils placed in between reinforcing plies on every 
0°/90° interface. The effect of nanofiber toughening can clearly be 
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noted from looking at the damage area as it decreases dramatically for 
nanofiber interleaved composites (Figure 3.9). Furthermore, the virgin 
composites showed large indentations at the point of impaction due to 
excessive failure of the composite, while this indentation and 
associated damage are limited for nanofiber interleaved composites. 
Hence, the nanofibers effectively toughen the composites when 
subjected to impact loadings. This is especially evident in composites 
interleaved with PCL nanofibers where a reduction in damage area of 
approximately 50 % is obtained. 
 
Figure 3.9: The damage decreases for nanofiber interleaved 
composite laminates indicating a higher impact resistance. The 
damage length decreases up to 50 % for PCL interleaved laminates. A 
cross-sectional view underneath the impact point shows that the 
amount of damage is severely reduced for nanofiber interleaved 
laminates resulting in a small dent with relatively low amount of 
internal damage compared to the virgin (non-interleaved) material. 
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Microscopy on impacted specimens and SEM images of the fracture 
surfaces in the delamination region show a mixed mode delamination 
behavior, exhibiting fracture mechanisms which are typical for Mode 
I as well as for Mode II loadings like extensive peeling of PA6 
nanofibers and hackle formation. There are many similarities with the 
results obtained in Level 2 such as sporadic interlaminar crossings in 
which nanofiber bridging zones develop (Figure 3.10a). In accordance 
with Level 2, SEM analysis of the fracture surfaces showed a high 
degree of plastically deformed PCL nanofibers indicating good load 
transfer due to good adhesion, while many PA6 nanofibers showed 
signs of interfacial failure (Figure 3.11).  
 
Figure 3.10: (a)  The damage mechanisms under impact show similarities 
with the interlaminar fracture tests of Level 2 such as delaminations with 
sporadic interlaminar crossings. (b) However, more damage mechanisms are 
present under impact loading conditions and interlaminar cracks, not related 
to delamination, are also observed. 
Clearly, a large analogy exists between the fracture mechanisms in 
Level 2 and those observed on the laminate level, again justifying                                                                                               
the in depth study of the different parameters influencing the 
toughness on the interlaminar level in the following chapters. 
However it should also be pointed out that, not all damage 
mechanisms can be directly extrapolated from the DCB and ENF 
experiments. This is most evident when looking at the damage zone 
directly under the point of impact where damage mechanisms such as 
matrix cracking and reinforcing fiber failure are present besides 
delamination. These damage mechanisms can also result in 
interlaminar cracks which are not due to delamination but also result 
in a toughened response as the interlaminar cracks can be related to 
the improvement in fracture toughness of the nanotoughened epoxy 
studied in Level 1 (Figure 3.10b). Hence, experiments done at the 
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laminate level (level 3) are advantageous and should not be 
overlooked in future research. 
 
Figure 3.11: SEM images of the interlaminar cracks/crossings of impacted 
specimens show nanofiber bridging zones with deformed and fractured 
nanofibers. Due to the low adhesion between PA6 nanofibers and epoxy, 
peeling of the PA6 nanofibers is also observed due to local Mode I loading 
conditions. In comparison, this is not observed for the PCL nanofibers due to 
their good adhesion with the epoxy. 
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3.5 Conclusions 
In this chapter it was shown that electrospun nanofibrous veils are a 
viable option to design advanced composite materials with a very high 
damage resistance. Their effect is shown to be significant, not only on 
a microscopic level in nanotoughened epoxy, but also on an 
interlaminar and laminate level. The multiscale analysis performed in 
this chapter allowed to gain insight in the crucial parameters that are 
necessary to design highly damage resistant materials. 
On Level 1, that of the nanotoughened epoxy resin, yielding of 
nanofibers in the fracture processing zone as well as nanofiber 
bridging increase the fracture toughness substantially. The effect is 
mainly determined by the mechanical properties of the nanofibers and 
their interaction with the matrix resin. The fracture behavior of the 
nanotoughened epoxy is representative for cracks in the interlaminar 
region on the parent levels (Level 2 and Level 3). 
On Level 2, that of the nanotoughened interlaminar region, careful 
analysis of the delamination path was found to be crucial for 
understanding and optimizing the interlaminar toughening effect of 
electrospun nanofibers. More specifically, it was shown that crossings 
of the interlaminar region are important contributors to the increase in 
interlaminar fracture toughness as nanofiber bridging zones develop in 
them. In the subsequent chapters, the nanotoughened interlaminar 
region will be studied in more detail.  
At Level 3, that of a fully interleaved composite laminate with a 
realistic stacking sequence. It was shown that the impact resistance of 
a nanotoughened composite laminate increased significantly, thus 
showing the true potential of electrospun nanofibers to enhance the 
damage resistance of real life composite structures. The fracture 
mechanisms of the interlaminar region (Level 2) are observed in every 
interlayer. Delamination growth in the interlaminar regions is 
hindered due to the formation of nanofiber bridging zones in the 
interlaminar crossings.  
  
  
  
  
4 
 
Effect of electrospun 
morphology on the interlaminar 
toughness of PCL toughened 
laminates  
 
In the previous chapter it was shown that nanofibers can significantly 
enhance the interlaminar fracture toughness of fiber reinforced laminates. 
One of the advantages of interlaminar toughening using electrospun 
nanofibers over traditional thermoplastic/rubber toughening by phase 
separation is that one can introduce a “pre-formed” thermoplastic phase 
into the composite without influencing the viscosity of the epoxy resin. It is 
well known that the phase separated morphology in thermoplastic and 
rubber toughened epoxies has a major influence on the final fracture 
toughness of the epoxy. As such also the morphology of the electrospun 
structure might affect the interlaminar fracture toughness of nanofiber 
toughened laminates. In the present chapter we will study the effect of 
interleaving different electrospun PCL structures in resin transfer molded 
glass epoxy laminates on the fracture toughness. 
 
Parts of this chapter are published in: 
S van der Heijden, L Daelemans, T Meireman, I De Baere, W Van Paepegem, K De Clerck. 
Interlaminar toughening of resin transfer molded laminates by electrospun polycaprolactone 
structures: effect of the interleave morphology. Composites Science and Technology 2016; 
136:10-17 . JCR impact factor 3.897, ranking: Q1  
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4.1 Introduction: importance of toughening 
morphology and interlaminar crack path  
It is well known that for thermoplastic and rubber toughening by 
phase separation, the final phase separated morphology of the 
thermoplastic/rubber phase has a major influence on the fracture 
toughness of the epoxy matrix (chapter 1). As such also the 
morphology of the electrospun structure might affect the interlaminar 
fracture toughness of nanofiber toughened laminates. In the present 
chapter we will investigate this effect by interleaving different 
electrospun PCL structures in resin transfer molded glass epoxy 
laminates and test their fracture toughness. Both the Mode I as well as 
the Mode II fracture toughness of five different electrospun 
morphologies, i.e. nanofibers, microfibers, microspheres, films and 
spray-coated PCL, are evaluated. Throughout this chapter special 
emphasis is given to analyzing the effect of the electrospun 
morphology on the interlaminar crack path. Indeed, the study on the 
laminate level in chapter 3 clearly showed that in a nanofiber 
interleaved composite laminate, the macroscopic crack path of the 
delamination can be influenced by numerous parameters such as the 
delamination mode, the nanofibrous veil areal density, reinforcing ply 
architecture, the interleaving method and mechanical properties of the 
nanofibers. Hence, extensive microscopy analysis of the interlaminar 
crack path is crucial to provide better insight in the micromechanical 
fracture mechanisms behind the observed interlaminar fracture 
toughness.  
4.2 Production of different electrospun 
morphologies and their laminates  
All five PCL structures were spun from an acetic acid (70 v%) / 
formic acid (30 v%) solution. The electrospinning parameters are 
summarized in Table 4.1. Except for the PCL films, all of the 
structures were deposited directly on top of the glass fiber mats and 
had an areal density of 5 g/m
2
. The PCL films were produced using 
the same parameters as the spray-coated structures by electrospraying 
onto aluminum foil and subsequently, after the evaporation of all 
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solvent, peeling off the resultant film. The PCL films again had an 
areal density of 5 g/m
2
 resulting in 5 g/m
2
 or 10 g/m
2
 interleaves, 
depending on whether a double or single film configuration was used. 
 
 
 
Table 4.1: Electrospinning parameters used to obtain different 
morphologies. 
 
The composite laminates for the DCB and ENF experiments were 
manufactured by vacuum assisted resin transfer molding (VARTM). 
Except for the PCL films, the electrospun structures were introduced 
using a double layer deposited configuration (see chapter 2 and 5). 
The PCL films were simply placed between the two middle glass fiber 
plies, for the single film configuration the initiation film was placed 
on top of the PCL film and for the double PCL film configuration the 
initiation film was placed in between both PCL films.  
4.3 Morphology and tensile properties of 
electrospun structures  
By modifying the electrospinning parameters, PCL nanofibers, 
microfibers, microspheres, spray-coated glass fibers and PCL films 
were produced. The nanofibers (Figure 4.1 A) had an average fiber 
diameter of 370 ± 200 nm, resulting in a highly porous structure with 
a very high specific surface area. This allows the nanofibrous structure 
to uniformly cover the complete glass fiber fabric. The microfibers 
(Figure 4.1 B) had an average fiber diameter of 8.3 ± 0.9 μm. Due to 
this high fiber diameter as compared to the nanofibers, the microfiber 
structures have a much lower specific surface area for the same areal 
density. Because the microfibrous structure is also porous, but with 
much larger pore size, one can clearly notice the glass fibers 
underneath the PCL structures. Thus the overall coverage of the 
Morphologie
Voltage 
(kV)
TCD 
(cm)
Flow 
rate 
(ml/h)
Substrate 
on 
collector
PCL 
concentration
(wt %)
Nanofibers 24 23 2 Glass fibers 23
Microfibers 12 26 10 Glass fibers 37
Microspheres 45 34 2 Glass fibers 5
Films 11 6 2 Al foil 5
Spray Coated 12 6 2 Glass fibers 5
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microfibers was much less uniform as compared to the nanofibers. 
The microspheres (Figure 4.1 C and D) had an average diameter of 
1.8 ± 0.9 μm. Although the microspheres cover the glass fibers more 
uniformly compared to the microfibers, the microspheres did tend to 
form large clusters (Figure 4.1 C), again resulting in regions with a 
varying PCL content. Finally the PCL spray-coated glass fibers and 
the PCL film resulted in a low porous coverage of the glass fibers 
(Figure 4.1 E and F), with the coverage of the spray-coated glass 
fibers being less uniform compared to the PCL film. 
 
 
Figure 4.1: SEM images of different electrospun PCL structures: (a) 
nanofibers 370 nm, (b) microfibers 8.35 μm, (c) and (d) microspheres 1.8 
μm, (e) spray-coated glass fibers, (g) film. 
For a better understanding of the PCL toughening mechanisms the 
tensile properties of the PCL structures were compared to that of the 
epoxy resin (Figure 4.2). PCL clearly has a much lower E-modulus 
and tensile strength, 195,0 ± 0.3 MPa and 11.3 ± 0.3 MPa as 
compared to 2730 ± 20 MPa and 66.1±0.4 MPa for the epoxy resin. 
The stiffness of a PCL epoxy (nano) composite is thus mainly 
determined by the stiffness of the epoxy. As such the volume fraction 
of PCL in the interlayer should not be too high as this will result in a 
reduction in bending stiffness of the laminate. PCL does however 
have a higher elongation at break (66.7 ± 3.0 % compared to 8.3 ± 0.7 
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% for the epoxy) and exhibits a large amount of plastic deformation 
before failure. Therefore, the PCL fracture takes up significantly more 
energy compared to the epoxy fracture, as illustrated in Figure 4.2 
(right) showing the integrated stress strain curve. This is the work 
required to strain the material up to a certain strain. The total amount 
of work required to break the material is a rough approximation of its 
toughness. The total work of rupture is almost double for PCL as 
compared to the epoxy, however, the PCL has to be allowed to strain 
until failure (66.7±3.0 %) for this high energy uptake to occur.  
 
 
Figure 4.2: Comparison of epoxy and PCL tensile properties. PCL clearly 
has a lower stiffness and tensile strength but a higher work of rupture at 
larger strains. 
4.4 Effect of the electrospun PCL morphology 
on the Mode I interlaminar fracture 
toughness 
Figure 4.3 shows the Mode I interlaminar fracture toughness values 
for the different configurations with, left, the porous structures (PCL 
nanofibers, microfibers and microspheres ) and, right, the non-porous 
structures (single film, double film and spray-coated PCL) as 
compared to a reference sample without a PCL interleave.   
 
The double film has a very low Mode I interlaminar fracture 
toughness, whereas for a single film GIc is extremely high. The low 
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fracture toughness of the double film configuration can be easily 
explained as these films hinder the infusion process. The epoxy resin 
is not able to penetrate through the films and as such air pockets 
remain present in between the two films leading to a very low 
interlaminar fracture toughness. SEM images of the fracture surface 
confirm this assumption showing only little deformation of the PCL 
(Figure 4.4). The low toughness of the double film configuration 
already reveals it will be difficult to toughen more than one interlayer 
simultaneously since the non-porous nature of the films will prevent 
proper infusion of the composite, therefore limiting the practical 
relevance of dense non-porous PCL toughening films. 
 
Figure 4.3: Average Mode I fracture toughness values for porous structures 
(left) and non-porous PCL structures (right). 
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Figure 4.421: SEM image of fracture surface of a DCB sample containing a 
double PCL film. The films hindered the infusion of epoxy resin resulting in 
only little deformation of the PCL (circular protrusions). 
For the single PCL film interleaves the epoxy resin can flow above 
and below the film during infusion allowing for an air free laminate 
with an extremely high (nearly 100 %) volume fraction of PCL in the 
interlayer. This PCL interlayer has a very low stiffness (section 4.3) 
compared to the epoxy and glass fibers surrounding it and will thus 
significantly influence the delamination crack path. As tension builds 
up at the crack tip, the relatively low modulus PCL starts to deform 
first. As the legs of the DCB sample are pulled further apart and the 
crack opening increases, extensive straining and eventual fracture 
through the PCL film will occur, resulting in very high GIC values due 
to the inherent high toughness of PCL (Figure 4.2). This fracture 
behavior is confirmed by cross sectional images of tested DCB 
samples as well as SEM images from the fracture surface (Figure 
4.5A, see Figure 4.3 for coordinate system). The microscopy images 
clearly show that the crack propagated directly through the PCL film, 
resulting in a large amount of deformed and broken PCL. 
 
A similar fracture behavior could be observed for the laminates 
toughened with PCL spray-coated glass fibers (Figure 4.5B) as also 
for these samples a low stiffness interlayer is created with a very high 
volume fraction of PCL thus forcing the delamination crack through 
the PCL interlayer. The lower performance of the PCL spray-coated 
glass fibers as compared to the PCL film is probably due to a less 
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uniform distribution of the PCL or due to the presence of small air 
pockets between the two layers of spray-coated glass fibers since the 
structure has a relatively low porosity.  
 
 
Figure 4.5: Post mortem cross section of tested Mode I samples containing, 
(a) a single film, (b) spray-coated glass fibers, (c) PCL nanofibers, (d) 
microfibers , (e) and (f) microspheres. See Figure 4.3 for coordinate system. 
Although some of the Mode I results are promising for the low porous 
interfaces, creating such dense pure PCL interlayer(s) will obviously 
have a serious adverse effect on the other mechanical properties of the 
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composite as the tensile strength and stiffness of PCL is much lower 
compared to epoxy (Figure 4.2) and will thus reduce the shear 
strength, bending stiffness and creep resistance of the laminate. In 
contrast, the porous structures of the PCL toughened interlayer 
contain not only PCL, but an intense blend of small sized PCL phases 
and epoxy phases, thus creating an interlayer which is both relatively 
stiff and tough. The interlaminar crack path is also very different and 
one can observe both glass fiber-epoxy interfacial failure, which is 
typically observed for the non-toughened reference composites, as 
well as regular crossings of the interlaminar region through the PCL 
toughened interlayer (Figure 4.5 C, D, E, F). Both PCL and epoxy 
fracture will occur inside these interlaminar crossings, thus 
significantly more energy is required compared to a glass/epoxy 
interface fracture. As such the interlaminar toughness will be largely 
determined by the interaction of the interlaminar crack with the PCL 
toughened interlayer, or more specifically the amount of interlaminar 
crossings. This particular fracture behavior has been explained in 
chapter 3 for PCL and PA6 nanofiber toughened laminates. The 
present results confirm it is valid for various types of highly porous 
PCL morphologies, such as nanofiber structures but also microfiber 
and microsphere based structures. 
 
Although the macroscopic fracture behavior of the laminates 
toughened with porous PCL structures was similar and the amount of 
PCL in the laminate was the same (10 g/m
2
) for all configurations, it 
should be pointed out that the nanofiber structures resulted in a higher 
fracture toughness compared to the other porous structures. More 
specifically, the nanofiber toughened samples had a GIC of 651 ± 70 
J/m
2
 , an improvement of almost 60 % compared to the reference 
composites while the microspheres and microfiber toughened samples 
had a GIC of 580 ± 18 J/m
2
  and 545 ± 60 J/m
2 
respectively. These 
differences in Mode I interlaminar fracture toughness can be related to 
the fine distribution of PCL in the interlayer. For PCL nanofibers a 
finer distribution of nano-scaled PCL phases in the epoxy matrix can 
be obtained. The use of microspheres and especially microfibers 
resulted in a less homogeneous distribution of larger scaled PCL 
phases, leading to lower GIC values. 
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4.5 Effect of electrospun PCL morphology on 
the Mode II interlaminar fracture toughness 
Figure 4.6 illustrates the average Mode II interlaminar fracture 
toughness for composites toughened with different PCL structures. 
The highly porous structures such as the PCL nanofibers, microfibers 
and microspheres significantly improve the Mode II interlaminar 
fracture toughness. In contrast, the non-porous structures such as the 
PCL film and the PCL spray-coated glass fibers even have a negative 
effect on the Mode II interlaminar fracture toughness. The effect of 
porosity can again be related to the distribution of the PCL in the resin 
rich interlayer. As mentioned in section 4.3, the porous structures and 
the highly porous nanofiber structures in particular, are completely 
impregnated with epoxy resin. As such the interlayer contains an 
intense blend of (nano-scaled) PCL and epoxy phase, resulting in an 
interlayer which is both stiff and tough at the same time. 
 
 
Figure 4.6: Average Mode II fracture toughness values: non-porous PCL 
structures decrease the interlaminar fracture toughness whereas porous 
structures and nanofibers in particular result in a significant increase. 
In contrast for a PCL film or the spray-coated glass fibers, the 
interlayer contains a discrete layer of PCL resulting in relatively large 
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zones of pure PCL polymer. Hence, the latter structures create an 
interlayer with a relatively low stiffness 
 
These different PCL distributions will affect how the PCL phases are 
strained during the Mode II delamination initiation and growth in the 
ENF experiment. The total strain introduced by the shear forces are 
distributed over the entire thickness of the interlayer. In case of the 
PCL film and the PCL spray-coated glass fibers, the low stiffness 
interlayer provides almost no resistance resulting in early stiffness 
reduction of the specimen. Furthermore, during the ENF test, the total 
relative displacement of the two sample halves remains limited and 
therefore the total straining in the bulk of the thick PCL interlayer 
(film) is limited preventing significant amounts of energy absorption 
(Figure 4.2). Microscopic images of the cross-section perpendicular to 
the crack front confirm this assumption as there is very little crack 
growth at all in the PCL interlayer (Figure 4.7A-B). Furthermore, after 
testing it was noticed that the upper and the lower half of the 
composite sample containing PCL films or spray-coated glass fibers 
were still attached to each other, again confirming very little or no 
fracture occurred in the PCL film. The low fracture toughness values 
were thus due to the relatively low yield strength of the PCL (around 
10 MPa occurring at around 10 % strain, Figure 4.2) compared to the 
epoxy matrix. As soon as PCL yielding starts to occur, the stiffness of 
the PCL is neglectable, thus resulting in a drastic drop in overall 
bending stiffness of the sample and reduced Mode II fracture 
toughness values.  
For the laminates toughened with porous PCL structures and PCL 
nanofibers in particular, the PCL zones are much smaller and are 
moreover fully surrounded by the epoxy resin. In addition, in line with 
the results from chapter 3, highlighting the importance of interlaminar 
crossings during crack propagation, all porous structures showed 
again a substantial amount of interlaminar crossings (Figure 4.7 C-E) 
resulting in a crack path through the PCL/epoxy interphase. Thus if a 
crack in this PCL toughened interlaminar region occurs, cracks in the 
epoxy matrix can be bridged by the surrounding PCL which will 
result in severe straining and fracture of the PCL and will take up 
large amounts of energy. This is only possible for the PCL 
morphologies that allow for a fine distribution of small sized PCL 
phases in the surrounding epoxy phase, thus for the highly porous 
morphologies. Similarly to Mode I, also the Mode II interlaminar 
fracture toughness of the nanofiber toughened samples is significantly 
higher compared to the microfiber or microsphere toughened samples. 
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This confirms the importance of a homogeneous and very fine 
distribution of PCL in the interlayer. 
 
Figure 4.7:  Post mortem cross section of tested Mode II sample containing: 
(a) PCL film, (b) PCL spray-coated glass fibers, (c) nanofibers, (d) 
microfibers, (e) microspheres. (a) and (b) show only a small amount of 
interlaminar cracks. In contrast (c), (d) and (e) show many interlaminar 
crossings, resulting in a lot of deformed PCL. 
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4.6 Conclusions 
The effect of different PCL morphologies on the Mode I and Mode II 
interlaminar toughness of resin transfer molded glass epoxy laminates 
was studied. The PCL structures are classified as non-porous (PCL 
films and spray-coated glass fibers) or (highly) porous structures (PCL 
nanofibers, microfibers and microspheres). Both the porous and the 
non-porous structures could increase the Mode I interlaminar fracture 
toughness. In case of the non-porous structures, this increase is 
however combined with an expected detrimental effect on the overall 
mechanical properties of the composite due to the low tensile strength 
and stiffness of the dense PCL interlayer. In addition, non-porous 
structures obstruct an optimal infusion process, thus further limiting 
there applicability. In contrast the porous structures can easily be 
infused, resulting in finely distributed PCL phases in the surrounding 
epoxy phase. This fine distribution of PCL and epoxy phases ensures 
that the stiffness and tensile strength of the interlayers is largely 
maintained, thus avoiding a reduction in the other mechanical 
properties of the laminates. As for the Mode II interlaminar fracture 
toughness, a significant increase requires porous interleave structures. 
The non-porous structures could not increase the Mode II fracture 
toughness since they are not strained significantly during Mode II 
loading. Therefore, to improve the interlaminar fracture toughness in 
both Mode I as well as Mode II without adverse effects, porous PCL 
structures are much more suitable compared to the non-porous PCL 
films or spray-coated fibers. The use of highly porous PCL nanofibers 
gave the best result, and therefore the next chapters will focus on this 
nanofibrous morphology. 
 
  
  
  
5 
 
How different interleaving 
methods can affect the 
interlaminar fracture toughness  
 
 
 
 
In the previous chapters, it was shown that nanofibers can significantly 
enhance the interlaminar fracture toughness of fiber reinforced laminates. 
However, a large set of parameters can have an influence on this 
toughening effect. This chapter focuses on the effect of the interleaving 
method, a parameter which is often ignored in literature but can 
nevertheless significantly affect how a delamination crack propagates 
through the laminate. We will end this chapter with a short but important 
section about the effect of PCL nanofibers on the tensile and flexural 
properties of glass epoxy laminates. 
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5.1 Sample preparation using different 
interleaving methods  
The composite laminates used in this chapter were manufactured by 
vacuum assisted resin transfer molding (VARTM). The glass fiber 
mats were stacked into a steel mold, either in a [0°]8 or in a [0°/90°]2s 
configuration. All laminates consisted of 8 layers of glass fibers and 
had a total thickness of 3 ± 0.1 mm. The glass fiber plies consist of 
unidirectional bundles of E-glass, woven together with a thin bundle 
of glass fibers (Roviglas R17/475). The reinforcement had a weight of 
475 g/m² in the fiber direction and a weight of 17 g/m² in the 
perpendicular direction (Figure 5.1).   
 
 
Figure 5.1: Image of glass fiber mats used in this chapter, notice the 
bundle structure which gives the glass fiber mats a wavy surface. 
 
Three different interleaving methods were used to introduce the 
nanofibers into the laminates. In addition to these three configurations, 
reference samples were produced containing only glass fibers. 
 
In the first configuration a single layer of nanofibers was directly 
electrospun on one side of the glass fiber mats. These mats are stacked 
on top of each other. Hence, the interlayer of two neighboring plies 
contains a single layer of nanofibrous veil. This configuration will be 
referred to as the single layer deposited configuration (SLD). 
 
The second configuration, referred to as the double layer deposited 
configuration (DLD), consists out of one layer of nanofibers 
electrospun on each side of the glassfiber mats. Therefore, the 
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interlayer of two neighbouring plies contained two layers of 
nanofibers on top of each other. 
 
The third configuration was named the interlayered configuration (IL). 
This configuration consists of standalone nanofibrous veils placed in 
between the glass fiber mats. Therefore, the interlayer contains one 
layer of nanofibers, but that layer is not directly electrospun onto the 
glass fiber mats. 
5.2 Effect of the interleaving method on Mode I 
interlaminar fracture toughness 
The three different configurations, i.e. SLD, DLD and IL, were tested 
in comparison to the reference configuration without nanofibers. 
Figure 5.1.A shows the Mode I fracture toughness for the three 
different nanofiber stacking configurations as a function of the crack 
length. These values were calculated according to ASTM D 5528 
from the load displacement curve (Figure 5.2.B) and the measured 
crack length recorded by a traveling microscope. The nanofiber 
content in the interlayer was 5 g/m
2
 for each configuration implying 
that the DLD samples had 2.5 g/m
2
 of nanofibers in each deposited 
nanofiber layer. It can be noted that both the IL configuration as well 
as the SLD configuration only show a marginal improvement over the 
reference laminates.  
 
In contrast, the DLD configuration showed a substantial improvement. 
Both the initiation fracture toughness (GIc,ini) and the propagation 
fracture toughness (GIc,prop) were increased by about 430 J/m
2
 and 280 
J/m
2
 respectively compared to the reference laminate. Thus indicating 
that even laminates produced with relatively high toughness epoxies 
can benefit significantly from nanofiber toughening when a DLD 
configuration is used. 
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Figure 5.2: (a) Mode I fracture toughness as a function of crack length and 
(b) load-displacement curves, showing significant increases when a double 
layer deposited (DLD) configuration is used as compared to a single layer 
deposited configuration (SLD) or interlayered configuration (IL). 
 
These observations are directly related to a change in the delamination 
crack path. As explained in the previous chapter, interlaminar 
crossings (in the out-of-plane direction) can contribute significantly to 
the interlaminar toughness. The amount of interlaminar crossings is 
clearly influenced by the interleaving method. This is most evident by 
visually examining the fracture surface of the DCB samples (Figure 
5.3) and is further supported by microscopic images of the DCB cross 
sections (Figure 5.4). For the SLD configuration, the PCL nanofiber 
layer can almost exclusively be found on the fractured sample half 
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that contained the glass fiber mat on which the PCL nanofibers were 
deposited. In addition the microscopy of the DCB cross-section shows 
that in case of the SLD configuration, the delamination crack stays 
preferably above the nanofibrous layer (Figure 5.4). As such, the 
delamination crack propagated between the embedded nanofibrous 
layer and the glass fiber mat directly above it. 
 
 
Figure 5.3: Fracture surface of DCB samples showing how the impregnated 
nanofibrous PCL nonwoven is distributed over the two sample halves after 
fracture in case of the DLD (left) and SLD (right) configuration. 
 
In contrast, for the DLD configuration, parts of the embedded 
nanofibrous layer can be found on both halves of the fractured sample 
(Figure 5.3). This indicates the presence of interlaminar crossings, 
which is further confirmed by optimal microscopy of the DCB cross-
sections (Figure 5.4). The DLD samples contained on average 6 ± 2 
crossings per sample whereas the SLD and IL configuration contained 
none. The reason for this different fracture behavior is thought to be 
related to the interaction/adhesion between the glass fibers mats and 
the nanofibers. Spinning directly onto the nanofibrous mat will allow 
to fully cover the surfaces of the glass fiber mat. Furthermore, 
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electrospinning directly onto the glass fiber mat allows the nanofibers 
to follow the wavy surface topology of the glass fiber bundles much 
better compared to a flat nanofibrous veil. As such there might be less 
resin rich zones between the nanofibrous membrane and the adjacent 
glass fiber plies. Thus, this can explain why the delamination crack 
preferred to go above the nanofibrous membrane in case of a SLD 
configuration as it will require less energy to go through a resin rich 
zone above the nanotoughened interlayer than to propagate through it.  
 
 
Figure 5.4: Cross-sectional optical microscopy images of double layer 
deposited configuration (DLD) and single layer deposited configuration 
(SLD). The crack path is perpendicular to the image plane 
 
For the DLD configuration, it can be assumed that the interaction 
between the nanofibrous interlayer and the top and bottom glass fiber 
mat is similar. Therefore, when the delamination crack meets the 
toughened interlayer (at the start of the experiment) the crack front 
does not go above the toughened interlayer across the whole width of 
the sample, since there is no energetic preference for either. Instead, 
the crack front went below or above the toughened interlayer at 
specific positions, depending on small variations in nanofiber to glass 
fiber interactions across the width of the sample, thus resulting in 
interlaminar crossings of the interlayer. It can be noted that once an 
interlaminar crossing was formed it propagated (in the x-direction) 
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together with the delamination front. More energy was required for 
the delamination crack to propagate through the nanofiber toughened 
interlayer, and hence, the fracture toughness of the DLD configuration 
is significantly higher than the SLD configuration. 
 
The same reasoning holds to explain the good performance of the IL 
configuration in chapter 3 in contrast to the poor performance of IL 
configuration in the present chapter. Indeed in Chapter 3 very flat 
glass fiber mats were used (chapter 2 figure 2.3), resulting in only a 
very minor resin rich region. As such there is again no energetic 
preference for the crack front to go above or below the nanofiber 
toughened interlayer. Thus similar to the DLD configuration on the 
wavy glass fiber mat topology, the crack front went below or above 
the toughened interlayer at specific positions, depending on small 
variations in nanofiber to glass fiber interactions across the width of 
the sample. Thus the topology of the glass fiber mat will determine the 
need for direct electrospinning on the glass fiber mats or allow for an 
interleaving process. 
 
Since the interlaminar crossings occur less frequently in the SLD and 
IL (used in this chapter) configuration, only a very moderate 
improvement in fracture toughness is obtained, The mechanism 
behind this improvement can be observed using SEM (Figure 5.5). 
Both in case of a DLD as well as a SLD configuration, SEM images 
of the DCB fracture surface show PCL rich zones. These zones 
represent spots where delamination cracks propagated  through the 
nanofiber toughened interlayer, not as full interlaminar crossing but 
rather as superficial cracks near the interface of this nanotoughened 
interlayer and the glass fibers. This might be due to glass fibers that 
were strongly attached to the PCL toughened interlayer. These glass 
fibers in turn microscopically bridge the crack front until they are 
finally pulled out of the PCL rich zone. On a nano scale level, these 
zones contain the plastically deformed PCL and PCL nanofibers 
bridging matrix particles. This mechanism of glass fiber pullout thus 
contributes to the overall interlaminar fracture toughness of the 
laminate, although to a much smaller extend then the occurrence of 
interlaminar crossings .  
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Figure 5.5: SEM image of (a) reference and (b) PCL nanofiber containing 
DCB fracture surfaces. High amounts of plastic deformation and fractured 
pieces of epoxy matrix held together by PCL rich zones can be observed in 
(b). 
5.3 Position of the delamination initiation film in 
the DCB specimen 
Recent work from our own group has shown that test specimen 
parameters such as the placement of the delamination film can also 
affect the interlaminar toughness. More specifically, it was shown that  
when the composites are produced by UD carbon prepregs (which had 
no stitching yarn and no bundle structure), initiating the delamination 
several millimeters in front of the nanofibrous interlayer can cause 
carbon fibers to bridge the microscopic delamination crack, after 
which these bridging carbon fibers “pull through” the nanofiber 
toughened interlayer, resulting in additional interlaminar crossings 
[123]
. Thus one may question whether the difference between the DLD 
and SLD configuration might also be affected by the position of the 
delamination initiation film. In case of the SLD configuration, the 
initiation occurs above the nanofibrous fibrous interlayer, while in 
case of a DLD configuration it occurs in-between both nanofibrous 
Effect of the interleaving method  89 
 
 
 
interlayers (as determined by the position of the delamination film, see 
Figure 5.6).  
 
To verify that the film placement had no effect on the observed 
differences between the SLD and DLD configurations, modified DCB 
specimens were designed in which there was a 1 mm gap between the 
nanofibrous reinforcement and the delamination initiation film. Thus 
the delamination crack started in front of the nanofibrous 
reinforcement. No differences in Mode I fracture toughness were 
found for these modified specimens compared to the standard 
designed specimens. Again a substantial improvement for the DLD 
configuration was observed compared to the other configurations. 
 
It could therefore be concluded that the observed effect was due to the 
difference in interleaving method and was not artificially introduced 
by a difference in delamination film placement. 
 
 
Figure 5.6: schematic representation of the position of the delamination film 
in case of DLD and SLD configuration. The standard configuration (top 2 
figures) and modified configurations (botom 2 figures) resulted in similar 
interlaminar fracture toughness values. 
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5.4 Effect of nanofiber veil areal density for SLD 
and DLD configuration 
The nanofiber content is varied from 2.5 g/m
2
 to 40 g/m
2
 of PCL 
nanofibers in the interlayer (Figure 5.7). For the SLD configuration 
the fracture toughness shows no important variation with nanofiber 
content and has a value of around 765 ± 100 J/m
2
 for initiation and 
1060 ± 100 J/m
2
 for propagation. These values are slightly better than 
the 640 J/m
2
 and 950 J/m
2
 obtained for the reference laminates 
without nanofibers in the interlayer. This observation supports the 
hypothesis that in case of a SLD configuration, the crack mainly 
propagates above the nanofiber layer. Hence, the obtained fracture 
toughness is less dependent on the nanofiber content.  
 
For the DLD configuration, the initiation fracture toughness increases 
rapidly with increasing nanofiber content up to a value of 1070 ± 130 
J/m² when 5 g/m
2
 of nanofibers are added in the interlayer. When 
more than 5 g/m
2
 of nanofibers are added to the interlayer, the 
initiation facture toughness still increases although at a much slower 
rate. It should be noted that although a very different glass fiber mat 
architecture was used compared to the results reported in chapter 3, 
the overall trend is relatively similar. As described in chapter 3, the 
interlaminar fracture toughness is a combination of the increase in 
interlaminar fracture toughness due to an increased amount of 
nanofiber bridging inside the interlaminar crossings and the decrease 
in interlaminar fracture toughness as a result of the reduction of the 
amount of interlaminar crossings for nanofibrous veils with higher 
areal density. For example, an areal density of 20 g/m
2
 results in a 
GIC,ini  (1240 ± 170 J/m
2
) which is almost twice as high as the 
reference laminates.  
 
As opposed to the initiation fracture toughness, the propagation 
fracture toughness 𝐺𝐼𝑐,𝑝𝑟𝑜𝑝 is shown to be relatively independent of 
the nanofiber content. The propagation fracture toughness is 
approximately 1200 J/m
2
 for all nanofiber contents. This is around 
250 J/m
2
 higher compared to the reference laminates. It is well known 
that in case of a reference laminate, the difference between the 
initiation and propagation fracture toughness is mainly related to the 
occurrence of glass fiber bridging, but if the nanofibrous veils are in-
between two glass fiber plies, they will limit the occurrence of glass 
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fiber bridging. As such, the observed GIC,prop values are a result of two 
effects, on the one hand the presence of the nanofibrous membrane 
hinders this glass fiber bridging which can lead to a decrease in 
propagation fracture toughness. On the other hand fracture through the 
nanofiber interlayer (either superficial or by interlaminar crossings) 
increases the fracture toughness. In this particular case, these effects 
cancel each other out (see chapter 7 section 7.5 for example where 
these effects do not average out).  
It should however be noted that nearly all practical designs are based 
on the initiation and not on the propagation fracture toughness. In fact, 
glass fiber bridging may in most cases be regarded as an artifact of the 
DCB test, since in practice, most laminates use multidirectional layups 
or woven fabrics in which glass fiber bridging is limited. 
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Figure 5.7: Effect of PCL nanofiber content on GIC,ini and GIC,prop for single 
and double layer deposited configurations. 
5.5 Effect of PCL nanofibers on the in-plane 
laminate properties and open hole strength 
To make sure the introduction of relatively low modulus PCL 
nanofibers does not lead to a decrease in the in-plane mechanical 
properties of the laminate, standard tensile experiments were carried 
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out. These experiments were performed on [0°/90°]2S and [+45°/-
45°]2S laminates in order to obtain the elastic modulus, shear modulus, 
tensile strength and shear strength of the laminates with and without 
PCL nanofibers. 
It can be noted, Table 5.1, that the tensile properties of the laminates 
were hardly affected by the presence of the nanofibres, both the 
tensile strength and Young’s modulus are maintained.  
 
 
 
Table 5.1: The tensile properties of composite laminates show no decrease 
when PCL nanofibres are added (DLD configuration). 
 
In order to evaluate the effect of the PCL nanofibers on the flexural 
stiffness of the toughened laminates as a function of temperature, 
dynamic mechanical analysis (DMA) experiments were carried out on 
[+45°/-45°]2S laminates using single cantilever beam clamps (Figure 
5.8). The DMA curves of the nanofiber containing samples are 
overlapping with the reference. Thus, even above the melting point of 
PCL (± 60°C) the modulus of the PCL nanofiber toughened laminates 
is nearly identical to the reference.  
In addition, the glass transition temperature of the nanofiber 
containing laminate, which can be evaluated from the step in the 
storage modulus at 77°C is identical to that of the neat glass epoxy 
laminate. 
 
Layup 
Nanofiber veil 
density  (g/m²)
σxx (MPa) Exx (GPa)
Ref [0°/90°]2S 0 574 ± 50 25 ± 1
Nf [0°/90°]2S 10 596 ± 50 24 ± 1
Nf [0°/90°]2S 20 603± 20 25± 1
Nanofiber veil 
density  (g/m²)
τ max (MPa) Gxy (GPa)
Ref [+45°/-45°]2S 0 62 ± 2 4.4 ± 0.2
Nf[+45°/-45°]2S 10 59 ± 2 3.9 ± 0.2
Nf[+45°/-45°]2S 20 60± 1 4.2 ± 0.2
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Figure 5.8: DMA curve showing storage modulus, in this case a flexural 
modulus of [+45°/-45°]2S laminates. The storage modulus of the PCL 
nanofiber toughened laminates is clearly maintained, also above the melting 
point of PCL (ca. 60°C). 
In addition to the standard tensile and DMA experiments, open hole 
tensile experiments were carried out. As mentioned in chapter 1, in 
composite structures delaminations often develop due to stress 
concentrations around structural elements such as holes. Therefore 
open hole tensile experiments are standard experiments in the 
composite industry. As such, following the multi scale analysis 
presented in chapter 3, these open hole strength tests can be seen as  
level 3 experiments. An image of representative open hole specimen 
after testing, is shown in Figure 5.9. The nanofiber toughened 
specimen (5 g/m
2
 DLD configuration) clearly shows less delamination 
compared to the reference sample, thus confirming the increased 
delamination resistance as predicted from the interlaminar fracture 
toughness experiments. Furthermore, the in plane tensile strength of 
the open hole specimen was even slightly improved from 360 ± 7 
MPa to 387 ± 19 MPa for a 5 g/m
2
 DLD configuration and to 383 ± 
14 MPa for the 20 g/m
2
 DLD.  
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Figure 5.9: Open hole specimens show significantly less delamination when 
5 g/m
2
 of PCL nanofibers are present in each interlayer using a DLD 
configuration. 
It can be concluded that the tensile, shear and flexural properties of 
the glass epoxy laminates were not significantly influenced by the 
presence of PCL nanofibers in the interlayers. Furthermore, the open 
hole tensile strength increased and the amount of delaminations in the 
open hole specimens decreased significantly when the laminates 
contained nanofibers. 
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5.6 Conclusions 
The interleaving method can have a major effect on the Mode I 
interlaminar fracture toughness of the laminates, especially when the 
glass fiber mats have a non-flat, wavy surface topology. A DLD 
configuration in which the nanofibers were directly electrospun on 
both sides of the unidirectional glass fiber mats supported the 
formation of interlaminar crossings and is thus clearly superior over 
an IL or SLD configuration. The reason for this different fracture 
behavior is thought to be related to the interaction/adhesion between 
the glass fibers mats and the nanofibers. Spinning directly onto the 
nanofibrous mat will allow to fully cover and follow the wavy surface 
topology of the glass fiber bundles much better compared to a flat 
nanofibrous veil. This will minimize the resin rich zones between the 
nanofibrous membrane and the adjacent glass fiber plies. Thus, the 
delamination crack prefers to go above the nanofibrous membrane in 
case of an SLD configuration as it will require less energy to go 
through a resin rich zone above the nanotoughened interlayer than to 
propagate through it. For the DLD configuration, the interaction 
between the nanofibrous interlayer and the top and bottom glass fiber 
mat is similar. Therefore, the crack front does not have an energetic 
preference to go above nor below the nanofibrous membrane. Instead, 
the crack front goes below or above the toughened interlayer at 
specific positions, depending on small variations in nanofiber to glass 
fiber interactions across the width of the sample, thus resulting in 
interlaminar crossings. For the specific epoxy resin and glass fiber 
mats used in this chapter, interleaving 20 g/m
2
 of PCL nanofibers 
using a DLD configuration, gave rise to spectacular Mode I 
interlaminar fracture toughness values of over 1230 J/m², an increase 
of almost 100 % compared to the untoughened reference laminates. 
 
In addition to the effect of the interleaving method on the Mode I 
interlaminar fracture toughness, tensile and DMA experiments were 
performed on laminates with a multidirectional stacking sequence. It 
was shown that the tensile and flexural properties of the laminates 
could be maintained. Furthermore, the average glass transition 
temperature of the laminate did not change when PCL nanofibers 
were present. This is a major advantage over more traditional 
interlaminar toughening methods such as mixing in reactive rubbers or 
mechanical interlocking methods such as z-pinning, since these 
systems often result in a drastic reduction of the glass transition 
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temperature, tensile properties and/or flexural properties of the 
laminates (chapter 1)  
  
  
  
  
6 
 
The use of triazolinedione click 
chemistry for tuning the 
mechanical properties of 
electrospun SBS fibers  
 
 
In this chapter we will present a method to produce electrospun fibers with 
tunable mechanical properties. These fibers will be used in order to explain 
the relationship between the mechanical properties of electrospun fibers 
and the interlaminar fracture toughness of nanofiber toughened 
composites in chapter 7. The applications for these mechanically tunable 
fibers are however, not limited to interlaminar toughening. The chemistry 
used to tune these mechanical properties can also be applied to introduce 
functional groups onto the nanofibers, opening up more potential 
applications.   
 
 
Parts of this chapter are published in: 
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6.1 Introduction: tunable electrospun SBS fibers 
As mentioned in the introduction chapter, the small fiber diameter, 
high specific surface area and high porosity of electrospun membranes 
makes them attractive for numerous applications such as tissue 
engineering, wound dressings, filtration of fluids and interlaminar 
toughening of fiber reinforced composites. These applications often 
require specific mechanical properties of the fibers. For example, in 
the case of interlaminar toughening, the stiffness and strain at failure 
of the electrospun fibers should be optimized in order to maximize the 
absorbed energy in a particular epoxy/nanofiber system, as will be 
further analyzed in the next chapter.  On the other hand, in the case of 
cardiac tissue engineering, one wants to match the mechanical 
properties of the nanofibers with those of the myocardial extracellular 
matrix 
[128]–[131]
.  
 
These examples both suggest the necessity for electrospun membranes 
with tunable mechanical properties, thereby allowing for the same 
type of materials for various applications. Readily available styrene-
butadiene-styrene (SBS) triblock copolymers are very suitable to 
create such universal membranes, since they offer the possibility to 
tune the mechanical properties by modifying the styrene to butadiene 
ratio 
[128],[132]
. Nevertheless, only a few literature procedures describe 
the electrospinning of SBS, all of them require a mixture of toxic 
DMF and THF as electrospinning solvents 
[128],[133]
. Apart from SBS, 
the electrospinning process of some related polymers such as 
polybutadiene and poly(styrene-co-isoprene) has been studied in 
literature 
[134]–[140]
, again mainly based on DMF, THF or various 
chlorinated solvents. Although this DMF/THF system allows for a 
relatively stable electrospinning process, the SBS fibers obtained are 
often over 5 μm in diameter. Moreover, the use of carcinogenic and 
reprotoxic solvents such as DMF is under debate 
[141]
.  
 
In this chapter we will offer a stable and more eco-friendly SBS 
electrospinning system based on butyl acetate as the main solvent. 
Optimal solution parameters will be determined using a design of 
experiments (DOE). Moreover, the present work focuses on the 
application of a very recently developed click chemistry platform 
based on triazolinediones (TAD), to tune the mechanical properties of 
SBS fibers produced by electrospinning. Indeed, the unsaturated 
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bonds in the butadiene segments of SBS can react with a 
triazolinedione (TAD) unit, i.e. 4-phenyl-1,2,4-triazoline-3,5-dione 
(phenyl-TAD) or the bifunctional 4,4’-(4,4’-diphenylmethylene)-bis-
(1,2,4-triazoline-3,5-dione) (MDI-TAD), in an Alder-ene reaction 
with the formation of a urazole moiety (Figure 6.1) 
[142]–[150]
. In this 
way, phenyl groups or chemical cross-links are introduced into the 
SBS fibers, which will in turn affect their mechanical properties. 
 
Figure 6.1: Reaction of a polybutadiene segment in SBS with phenyl-TAD 
(R=H) or MDI-TAD respectively. 
As a result of the ultrafast kinetics and selectivity of this reaction, the 
potential for post-treatment on the electrospun membrane will be 
explored. This could be a major benefit over a treatment of the bulk 
polymer, prior to electrospinning, since there will be no risk that the 
changes introduced in the polymer structure influence the 
electrospinning process. Therefore, this method is expected to allow 
for the production of universal membranes, which are adapted to their 
application by a simple post-treatment procedure. 
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6.2 Development of an SBS electrospinning 
system in butyl acetate  
A preliminary screening of the solubility of SBS in eco-friendly 
solvents (such as butyl acetate, ethyl acetate, ethyl phenyl acetate, 
heptane, isopropyl acetate and methyl ethyl keton) resulted in the 
selection of butyl acetate as the electrospinning solvent. Butyl acetate 
can easily dissolve over 20 wt% of SBS. Moreover, as there are no 
known carcinogenic or mutagenic effects, this solvent is often used in 
an industrial context. A first set of screening experiments was carried 
out, in which the polymer concentration of the electrospinning 
solution was varied from 16 up to 21 wt%.  
 
Figure 6.2 shows a representative SEM image for each concentration 
while the viscosity and conductivity of these electrospinning solutions 
is given in Table 6.1. As can be observed, the fibrous structures 
produced from these electrospinning solutions are far from optimal. 
Many beads are present in the fibers when the concentration of SBS is 
below 20 wt%. While increasing this concentration suppresses the 
formation of beads, the average fiber diameter also increases, resulting 
in fiber diameters of up to 6.5 ±2 μm. Furthermore, the fibers are 
irregular and their average diameter has a large standard deviation.  
The poor quality of these electrospun SBS fibers could arise from the 
extremely low conductivity of the electrospinning solutions (see Table 
6.1). In such conditions, only a limited interaction with the electric 
field is obtained, resulting in significantly less bending and splitting 
behavior of the electrospinning jet and thus more beads and less 
uniform fibers.  
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Figure 6.2: SEM images illustrating the poor electrospinnability of additive-
free SBS solutions in butyl acetate. 
 
 
 
Table 6.1: Viscosity and conductivity for SBS/butyl acetate solutions, 
illustrating an increasing viscosity with increasing SBS concentration but 
overall very low conductivity. 
 
In order to increase the conductivity of an electrospinning solution, a 
salt is typically added 
[151]–[154]
. LiBr dissolves and dissociates 
relatively well in butyl acetate and indeed results in a significant 
increase in conductivity with increasing salt concentration (Figure 
6.3a). Therefore, a more stable electrospinning process is expected 
when LiBr is added to the solution.  
SBS concentration 
(wt%)
Viscosity 
(mPa.s)
conductivity 
(µS/cm )
16 1100 0.006
18 1500 0.009
20 2500 0.006
21 3300 0.006
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Figure 6.3. (a) Conductivity for a 12 wt% SBS butyl acetate solution as a 
function of LiBr concentration; (b) SEC measurement of SBS modified with 
increasing amounts of MDI-TAD. 
 
In addition to the low conductivity of the electrospinning solution, the 
high tendency to form beads as well as the relatively low molecular 
weight of the SBS led to the assumption that the SBS copolymer has a 
rather low tendency to form polymer entanglements. To increase the 
amount of polymer entanglements, a small amount of MDI-TAD was 
added to the electrospinning solution. Low amounts of MDI-TAD 
solely result in an increased tendency for polymer entanglements, 
rather than in a cross-linked material, as evidenced by the increased 
molecular weight and dispersity of the obtained SBS (Figure 6.3b). 
The increase in polymer entanglements may allow electrospinning 
solutions with a lower concentration of SBS to be stretched by the 
electric field while keeping enough polymer interactions in order to 
form beadless fibers. This rationale is supported by the reports of 
Thielke et al. as well as Tian et al., who applied a similar approach in 
order to improve the electrospinnablity of polybutadiene. In their case, 
an in-situ photo-cross-linking was used to increase the amount of 
polymer entanglements 
[135],[139]
. 
 
The addition of LiBr and MDI-TAD to the polymer solution 
introduces two solution parameters on top of the polymer 
concentration. In order to optimize these 3 parameters for obtaining 
beadless fibers with a low fiber diameter, a randomized circumscribed 
central composite design (CCC) with 3 variables and 2 outputs was 
implemented. The first output in the design of experiments is the 
average fiber diameter without taking into account the beads (if beads 
are present), whereas the second output is the “bead parameter”, 
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which is a number ranging between -1 (no beads) and +1 (mainly 
beads/fine droplets and no fibers). The results of these experiments are 
shown in Table 6.2. Figure 6.4 shows a representative SEM image for 
each sample whereas Figure 6.5 shows a visual representation of these 
data. To allow for a determination of the optimal values of the 3 
variables, a quadratic response surface was fitted (using standard least 
squares fitting) onto this data set for both the fiber diameter as well as 
the beads parameter. Rather than fitting a full quadratic response, only 
the terms with a statistically significant effect were taken into account. 
 
The effect of the concentrations on the fiber diameter (FD) leads to 
the following equation: 
𝐹𝐷 (𝜇𝑚) = 0.9597 − 1.9919 ∙
[𝑀𝐷𝐼𝑇𝐴𝐷] − 0.35
0.1
+ 0.0421 ∙
[𝐿𝑖𝐵𝑟] − 0.00825
0.00475
+ 0.3763 ∙
[𝑆𝐵𝑆] − 12
1
+ 2.6129 ∙ (
[𝑀𝐷𝐼𝑇𝐴𝐷] − 0.35
0.1
)
2
+ 0.0745 ∙ (
[𝑆𝐵𝑆] − 12
1
)
2
 
In the case of the bead parameter (BP) as a function of all three 
concentrations, the equation becomes: 
𝐵𝑃 =  − 0.0144 − 0.6856 ∙
[𝑀𝐷𝐼𝑇𝐴𝐷] − 0.35
0.1
− 0.2140 ∙
[𝐿𝑖𝐵𝑟] − 0.00825
0.00475
− 0.2233 ∙
[𝑆𝐵𝑆] − 12
1
− 0.075 ∙
[𝑀𝐷𝐼𝑇𝐴𝐷] − 0.35
0.1
∙
[𝑆𝐵𝑆] − 12
1
+ 0.0755 ∙ (
[𝐿𝑖𝐵𝑟] − 0.00825
0.00475
)
2
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Figure 6.4: Representative SEM images for all experiments in the CCC to 
optimize the SBS concentration as well as the amount of LiBr and MDI-TAD 
in the electrospinning solution. 
 
Figure 6.5: Graphical representation of the experimental results of the CCC; 
the circle size is representative for the fiber diameter whereas the color 
indicates the presence of beads (dark green = no beads, dark red = only 
beads). 
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It should be noted that some of the experiments in this CCC did not 
give rise to the formation of fibers and therefore no fiber diameter 
could be measured (Table 6.2). Therefore, one should not expect 
physically relevant results when applying these quadratic response 
equations in the region of very low polymer concentrations and/or low 
MDI-TAD concentrations. A graphic representation of these response 
curves is shown in Figure 6.6. The quadratic responses as well as the 
data set (Figure 6.4 and 6.5) clearly show the effect of the 3 variables 
on the fiber diameter and the presence of beads. As the MDI-TAD 
concentration increases, the amount of beads decreases rapidly. 
However, also the fiber diameter increases significantly. Using the 
quadratic response functions, the optimal amount of MDI-TAD was 
estimate to be 0.42 wt%. 
LiBr only had a minor effect on the fiber diameter (in the optimal 
region), but the amount of beads clearly decreases as the LiBr 
concentration increases. Using the quadratic response functions the 
optimal amount of LiBr was estimated to be 0.013 g/mL. Finally the 
response curves confirm the well-known effect of the polymer 
concentration on the fiber diameter and the amount of beads. Just like 
for the MDI-TAD concentration, the fiber diameter increases with 
increasing polymer concentration and the amount of beads reduces 
with increasing SBS concentration. However it should be noted that 
the effect of the SBS concentration is much less pronounced than that 
of the MDI-TAD concentration. The optimal SBS concentration as 
calculated from the response functions was found to be 14 wt% . 
 
Taking into account the standard deviation on the measurements, the 
theoretical optimum is very close to the +++ data point. In addition 
the predicted fiber diameter and bead parameter at the optimum are 
2.01 μm and -1 respectively, which is basically equal to the 
experimental results obtained for the +++ data point. Overall it can be 
concluded that the +++ data point gave rise to bead free fibers with a 
near optimal fiber diameter. Thus, in comparison with the initial 
electrospinning system, i.e. in the absence of LiBr and MDI-TAD, the 
optimized solution parameters yield fibers that are much thinner and 
more uniform, as illustrated in Figure 6.7. 
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Figure 6.6: Response surface for: (a) fiber diameter as a function of LiBr 
and MDI-TAD for a constant SBS concentration of 13 wt%, (b) fiber 
diameter for a constant LiBr concentration of 0.013 g/mL, (c) bead 
parameter for a constant SBS concentration of 13 wt%, (d) bead parameter 
for a constant LiBr concentration of 0.013 g/mL. 
 
 
 
Figure 6.7: Comparison between (a) the initial 21 wt% SBS sample without 
LiBr or MDI-TAD and (b) the optimized butyl acetate system, containing 13 
wt% of SBS, 0.45 wt% of MDI-TAD and 0.013 g/mL LiBr. 
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6.3 TAD post-treatment of electrospun SBS 
membranes  
Once the electrospinning process was optimized, a post-treatment or a 
cross-linking, with phenyl- or MDI-TAD could be applied. The 
modifications were carried out by submerging the obtained 
membranes in acetone, in which the TAD compound is dissolved. 
While acetone is a good solvent for both TAD compounds, it only 
causes SBS to swell but does not dissolve it. As a result of this 
swelling, the TAD molecules are able to diffuse into the fibers and 
react with the polybutadiene segments while the macroscopic 
structure remains intact. This is schematically illustrated in Figure 6.8. 
In addition the SEM images shown in Figure 6.9 indicate that the 
global morphology of the electrospun membranes remains unaffected 
by this treatment. 
 
 
Figure 6.8:  schematic illustration of TAD-post modification of SBS 
nanofiber, blue balls represent styrene domains, blue lines represent 
polybutadiene segments. 
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Figure 6.9: representative SEM images of aligned SBS fibers, (a) untreated 
sample, (b) blank sample, (c) phenyl-TAD modified for 30 min, (d) MDI-TAD 
modified for 30 min 
The concentration of phenyl groups or cross-links introduced within 
the membrane was analyzed by ATR-FT-IR analysis. The styrene 
peak, at 700 cm
-1
, serves as an internal calibration peak. The C=O 
peak (1700 cm
-1
) was used to determine the TAD content, with an 
integration from the top of the C=O peak up to 1680 cm
-1
 using a 
baseline going from 1900 cm
-1
 up to 1100 cm
-1
. Figure 6.10 shows 
representative FT-IR spectra of TAD-modified SBS membranes of the 
region around this characteristic C=O peak. It can be noted that the 
C=O peak grows significantly as the immersion time in the TAD- 
acetone solution increases. 
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Figure 6.10: representative FT-IR spectra of TAD-modified SBS membranes 
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In order to obtain a quantitative value of the amount of TAD inside 
the SBS fibers, a calibration curve was determined (Figure 6.11) 
based on a number of SBS films with a known amount of TAD, casted 
from a SBS/butyl acetate solution and evaluated using ATR-FT-IR.  
 
 
Figure 6.11: Calibration curves for a quantitative evaluation of the TAD 
concentration in modified SBS using ATR-FTIR. 
 
These calibration curves could then be applied to evaluate the average 
TAD concentration in the modified membranes as a function of 
different submerging and thus reaction times (Figure 6.12). The 
standard deviation, obtained by measuring the TAD concentration at 
five different locations in the sample, is very low, indicating the 
modification was applied uniformly throughout the samples. In the 
case of the cross-linker MDI-TAD, both a slower increase – compared 
to phenyl-TAD – and a maximum of incorporated TAD is observed. 
This is attributed to the accompanied cross-linking as this may 
account for a slower diffusion of TAD into the material and eventually 
a complete blocking of the fiber structure.  
 
 
Figure 6.12: Amount of phenyl-TAD (left) and MDI-TAD (right) in SBS 
fibers as determined by FTIR as a function of the reaction time. 
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6.4 Effect of a TAD post-treatment on the 
thermo-mechanical properties of electrospun 
SBS membranes  
Following the quantification, the effect of the post-treatment on the 
glass transition temperature and the storage modulus of SBS fibrous 
membranes was studied through DMA. To eliminate the influence of 
the randomly oriented fibers in typical membranes on the measured 
mechanical properties, the SBS fibers were electrospun on a rotating 
drum collector in order to align them. The resulting fibers had an 
average diameter of 2.2 ± 0.4 μm. 
 
 
 
Figure 6.13: DMA-runs illustrating the storage modulus as a function of 
temperature for phenyl-TAD (left) or MDI-TAD (right) modified nanofiber 
membranes. The stiffness of the SBS fibers is increased substantially over a 
wide temperature range with increasing amounts of MDI –TAD. 
 
Figure 6.13 shows the obtained storage modulus as a function of 
temperature for phenyl-TAD (left) as well as MDI-TAD (right) 
modified nanofiber membranes. Two distinct downward steps in the 
storage modulus can be noted at -80 °C and 60 °C, respectively 
ascribed to the glass transition of the butadiene and styrene segments. 
While the non-modified samples have a very broad Tg related to the 
styrene segments, the blank samples, which were submerged in 
acetone without the presence of any TAD, have a much sharper Tg 
transition. The submersion of the SBS fibers in acetone thus allowed 
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for a rearrangement of the styrene domains, resulting in a more 
defined Tg as well as a higher storage modulus. This is in line with the 
results of Reneker et al. 
[133] showing that due to the short time scale 
of the electrospinning process, the morphology of the separated 
microphases was rather irregular but can be corrected using a heat 
treatment. In addition, it is well known that solution casted SBS films 
have a more stable microphase structure and better mechanical 
properties as compared to films produced from the melt 
[155]–[157]
.  
 
More important, in addition to the influence of the solvent, both 
phenyl- and MDI-TAD clearly affect the thermo-mechanical 
properties of SBS fibers. As the phenyl-TAD concentration increases, 
the Tg of the butadiene segments shifts from -95 °C for the blank 
sample up to -79 °C when 9.3 % phenyl-TAD was present. Similarly, 
when a cross-linking is carried out using MDI-TAD, the Tg of the 
butadiene segments can be increased up to -80 °C. The Tg of the 
styrene segments is hardly affected by the monofunctional phenyl-
TAD. This fact can be understood as only the butadiene segments are 
modified and the styrene segments will just rearrange as they do in 
acetone. Thus no significant Tg change occurs as compared to the 
blank samples.  MDI-TAD does however have an effect on the Tg of 
the styrene segments as it increases from 50 °C for the blank sample 
up to 89 °C when 5.65 % of the bifunctional MDI-TAD was added. 
This increase in Tg is a result of the cross-linking. The cross-linking 
of the butadiene segments will significantly reduce the overall 
mobility of the polymer chains and more energy (thus higher 
temperature) will be needed to devitrify the phases, thus the Tg of the 
styrene phase increases. 
 
The temperature region between the Tg of the butadiene and styrene 
segments is the relevant region for most applications. In this region, 
MDI-TAD significantly increases the storage modulus of the SBS 
fibers. Although phenyl-TAD also increases the storage modulus, this 
increase is much more temperature dependent. Indeed, the phenyl-
TAD modification increases the storage modulus at lower 
temperatures but starting at room temperature the increase is relatively 
small compared to the MDI-TAD modified samples. This observation 
can probably be ascribed to the formation of hydrogen bonds as 
physical cross-links between different urazole moieties, which will be 
highly dynamic at elevated temperatures (Figure 6.14) 
[158]
. MDI-
TAD, on the other hand, introduces chemical cross-links that will 
remain intact. Therefore, when the amount of MDI-TAD is high 
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enough, the introduced chemical cross-links will result in a 
measurable storage modulus above the Tg of the styrene segments, 
whereas the phenyl-TAD modified samples behave as a viscous 
liquid. 
 
 
 
Figure 6.14: Hydrogen bond formation between adjacent urazole moieties, 
increasing the stiffness of phenyl-TAD modified SBS fibers. 
6.5 Effect of a TAD post-treatment on the 
tensile properties of electrospun SBS 
membranes  
Figures 15 and 16 represent the tensile properties at 20 °C of the 
TAD-modified SBS fibers. The E-moduli of the phenyl-TAD and 
MDI-TAD modified samples confirm the increasing trend in storage 
modulus measured in DMA. Since the measurements were conducted 
at room temperature, relatively high amounts of phenyl-TAD were 
required in order to significantly influence the E-modulus (vide 
supra). The highest increase, almost 65 % compared to the blank 
samples, was obtained when 9.30 % of phenyl-TAD was present. 
MDI-TAD, on the other hand, has a much larger effect on the E-
modulus. As a result of the chemical cross-links introduced by the 
MDI-TAD, the E-modulus increases from only 31 ± 4 MPa for the 
blank samples (14±3 MPa for the untreated fibers) up to 137 ± 27 
MPa when 3.83 % MDI-TAD was present. 
Looking at the effect of the post-treatment on the elongation at break 
of the SBS fibers, it can be noted that phenyl-TAD has a limited effect 
on the elongation at break. For MDI-TAD on the other hand, even an 
amount as small as 0.27 % MDI-TAD causes the elongation at break 
to drop from a value of around 700 % down to 430 %. By varying the 
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amount of cross-links, i.e. changing the reaction time during post-
modification, the elongation at break of these cross-linked SBS fibers 
can be tuned down to a lower limit of around 90 %. 
Similar to the storage and E-modulus, the tensile strength of the SBS 
fibers is increased due to the submersion of the fibers in acetone. The 
blank samples have a tensile strength of 22 ± 3 MPa compared to 12.3 
± 1 MPa for the non-modified SBS fibers. The tensile strength of the 
phenyl-TAD modified samples at 20 °C is comparable to that of the 
blank samples. High amounts of phenyl-TAD might even result in a 
slight increase in tensile strength, although the standard deviations are 
high. In case of MDI-TAD a slight increase in tensile strength can be 
observed as the amount of cross-links increases, however it remains 
well below the blank samples. It is therefore assumed that the mobility 
of the styrene domains decreases as a result of the cross-linking, 
preventing a rearrangement of these styrene domains and resulting in 
an overall lower tensile strength. This is in line with a similar 
observation by Sakurai et al. on the effect of peroxide cross-linking on 
SBS films 
[159]
. 
 
 
Figure 6.15: Representative stress-strain curves and tensile properties of 
phenyl-TAD modified SBS fibers. 
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Figure 6.16: Representative stress-strain curves and tensile properties of 
MDI-TAD cross-linked SBS fibers. MDI-TAD cross-links clearly decrease 
the elongation at break and increase the modulus of the SBS fibers. 
6.6 Conclusions 
In this chapter, the applicability of triazolinedione click chemistry in 
the production of electrospun SBS fibers is illustrated, both as a tool 
to improve the stability of the electrospinning process and as a post-
modification strategy for the produced materials. 
 
At first, a novel electrospinning solution with relatively low toxicity 
compared to the THF/DMF system, currently applied in literature, was 
developed. The electrospinning solution used butyl acetate as a 
solvent while LiBr and a small amount MDI-TAD were added to 
increase respectively the conductivity and the molecular weight, and 
thus the amount of polymer entanglements. The polymer 
concentration, as well as the amount of LiBr and MDI-TAD in the 
electrospinning solution were optimized using design of experiments 
in order to obtain electrospun SBS fibers without beads and with a 
fiber diameter of only 2 µm. This is a decrease of about 55 % 
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compared to the current state-of-the-art and thus results in membranes 
with an even higher specific surface area. 
 
Secondly, the (thermo-) mechanical properties of these electrospun 
SBS fibers could be drastically modified by simply submerging the 
membrane in a solution of either phenyl-TAD or MDI-TAD. 
Modification with phenyl-TAD shifts the Tg of the butadiene 
segments from -95 °C to -79 °C. In addition, an increase in storage 
modulus is observed and ascribed to the formation of hydrogen bonds 
between urazole moieties. Indeed, the increase in storage modulus was 
found to be strongly temperature dependent and was non-existent at 
elevated temperatures. On the other hand, using MDI-TAD, chemical 
cross-links could be introduced into the SBS fibers, increasing the 
glass transition temperature of the butadiene and styrene segments by 
15 °C and 39 °C respectively and increasing the storage modulus, 
even at temperatures above the Tg of the styrene segments. Cross-
linking with MDI-TAD allowed to tune the elongation at break of the 
SBS fibers from about 90 to 700 %, whereas the modulus of the fibers 
covers a range from 11 MPa to over 130 MPa by adjusting the extent 
of modification.  
 
Overall, it can be concluded that a straightforward post-treatment 
using triazolinedione click chemistry of electrospun SBS fibers opens 
up possibilities to design universal SBS membranes with a wide 
variety of mechanical properties or functional groups. In the next 
chapter we will build onto this knowledge and use MDI-TAD cross-
linked SBS fibers in order to establish a relationship between the 
mechanical properties of electrospun fibers and the interlaminar 
fracture toughness of a laminate toughened with these fibers. 
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The influence of the mechanical 
properties of electrospun 
nanofibers on the interlaminar 
fracture toughness of nanofiber 
toughened laminates. 
 
In the previous chapter it was shown how the mechanical properties of 
electrospun SBS fibers can be tuned using TAD-click chemistry. In this 
chapter we will build upon this knowledge and use MDI-TAD cross-linked 
SBS fibers to establish a relationship between the mechanical properties of 
electrospun fibers and the interlaminar fracture toughness of a laminate 
toughened with these fibers. The SBS fiber properties will be linked to the 
behavior of the laminates under both Mode I and Mode II loading 
conditions, contributing to an in-depth understanding of the mechanisms 
involved in interlaminar toughening. As such, it allows for designing novel, 
damage resistant, (nano)fiber toughened materials. 
 
 
 
Parts of this chapter are published in: 
 
S van der Heijden, L Daelemans, K De Bruycker, R Simal, I De Baere, W Van Paepegem, K De 
Clerck. Novel composite materials with tunable delamination resistance using functionalizable 
electrospun SBS fibers. Composite Structures 2017;159:12-20.. JCR impact factor 3.853, 
ranking: Q1 
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7.1 Introduction: linking the mechanical 
properties of tunable SBS fibers to the 
fracture toughness of composite laminates 
In chapter 3 it was shown that for a nanotoughened epoxy resin, 
yielding of nanofibers in the fracture processing zone as well as 
nanofiber bridging increase the fracture toughness substantially. On a 
laminate level (glass epoxy laminates with nanofibers in the 
interlaminar regions), the fracture toughness of nanofiber toughened 
laminates is influenced by the crack path of the interlaminar cracks. 
More specifically, it was shown that crossings of the interlaminar 
region are the main contributors to the increase in interlaminar 
fracture toughness as nanofiber bridging zones develop in them. The 
amount of these interlaminar crossings can depend on numerous 
parameters such as the delamination mode (chapter 5) and the 
nanofibrous veil areal density (chapter 3). 
 
In this chapter we study the effect of the mechanical properties of the 
electrospun fibers on the resulting interlaminar fracture toughness of 
composites containing electrospun fibrous veils. By a change in the 
fibers’ mechanical properties, the energy absorption during crack 
bridging and the crack path behavior (occurrence of interlaminar 
crossings) can be affected. It was already pointed out in chapter 1 that 
a relatively diverse set of polymer nanofibers has been studied in 
literature for the interlaminar toughening of composites. Examples 
include polysulfones (PSU), polyetherketone cardo (PEK-C), poly(ε-
caprolactone) (PCL), polyamides (PA), poly(vinylidene fluoride) 
(PVDF), polyacrylonitrile (PAN), polyamide-imide (PAI), 
poly(styrene-co-glycidyl methacrylate), polyvinyl butyral (PVB) and 
Poly(vinyl alcohol) (PVA). Although all these polymers have different 
mechanical properties, ranging from rubbery materials such as PVB to 
more stiff materials such as PA and PAN, they are also very different 
from a chemical point of view. Hence, this difference in chemical 
structure will also affect other properties such as the fiber-matrix 
adhesion. As such it is hard to relate the interlaminar fracture 
toughness directly to the mechanical properties of the nanofibers 
themselves. 
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However, using the TAD-based modification presented in the 
previous chapter, chemical cross-links can be introduced into the SBS 
fibers, thereby allowing the mechanical properties of the SBS to be 
modified from an extremely ductile rubbery material, to a glassy and 
stiffer material. Thus allowing to report on the relation between the 
tunable mechanical properties of the SBS nanofibers and their ability 
to improve the interlaminar toughness of glass fiber reinforced epoxy 
laminates in this chapter.  
7.2 Effect of MDI-TAD cross-linker on tensile 
properties of SBS fibers 
Figure 7.1 summarizes the tunability of the mechanical properties of 
the SBS fibers using MDI-TAD as shown in the previous chapter. The 
unmodified and low cross-linked SBS fibers have a low E-modulus 
and high elongation at break, around 10 – 30 MPa and 400 – 600 % 
respectively. The highly cross-linked samples, on the other hand, have 
a higher E-modulus but lower elongations at break up to 140 MPa and 
100 % respectively.  
 
 
 
Figure 7.1: Tensile properties of (aligned) SBS fibers as a function of the 
molar ratio of MDI-TAD cross-linker to the total SBS double bonds (i.e. a 
measure for the amount of cross-links) showing a reduction in elongation at 
break and an increase in E-modulus with an increasing extent of cross-
linking, while the tensile strength remains relatively independent of the 
degree of cross-linking. 
 
Figure 7.2 shows the work needed to introduce a certain percentage of 
elongation into these fibers, derived from the area underneath their 
stress-strain curves. The energy uptake of unmodified and low cross-
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linked SBS fibers only becomes significant when the SBS fibers are 
elongated up to high strains (>300 %), whereas in the low strain 
region (<100 %) their energy uptake is very limited. For the SBS 
fibers with relatively high amounts of cross-linking, the total work of 
rupture (10 to 15 MPa) is lower. But these fibers do absorb 
significantly more energy in the low strain region. By incorporating 
SBS fibrous veils with different amounts of cross-linking in 
composites, the mechanical properties of these cross-linked SBS 
fibres can now be linked to their effect on the interlaminar fracture 
toughness. 
 
 
 
Figure 7.2: The work needed to introduce a certain percentage of elongation 
for different amounts of cross-links (as expressed by molar ratio of MDI-
TAD cross-linker to the total SBS double bonds). 
7.3 Effect of the mechanical properties of the 
SBS fibers on the mechanism of electrospun 
fiber bridging  
As mentioned in chapter 3, the toughening mechanism of electrospun 
fibers consists out of fibers which bridge crack halves in the damaged 
epoxy resin in the interlaminar region. There are two main 
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mechanisms acting in these fibers: straining of the fibers and 
debonding of the fiber epoxy interface, both of which can occur 
simultaneously. 
 
The strain till break as well as the energy absorption for a particular 
amount of straining of the SBS fibers depends heavily on the degree 
of cross-linking. If only a limited amount of straining occurs, the low 
cross-linked fibers will not break and will only absorb a small amount 
of energy. The high cross-linked SBS fibers on the other hand will be 
able to absorb more energy in this low strain region. This is 
schematically illustrated in Figure 7.3.   
 
 
 
Figure 7.3: High cross-linked SBS fibers can absorb more energy compared 
to low cross-linked SBS when only a limited amount of straining occurs in 
the fibers. 
 
SBS fiber-matrix debonding can limit the overall strain in the SBS 
fibers, since the length of the non-bonded SBS fiber segments 
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becomes higher. Thus, in order to reach a certain elongation, this 
requires much larger displacements than would be the case if no 
debonding occurred. Postmortem SEM images of interlaminar cracks 
(Figure 7.4), show a relatively high amount of such SBS fiber-matrix 
debonding and little or no fiber fracture of non-cross-linked SBS 
fibers (Figure 7.4A). Hence, it is reasonable to assume that the overall 
straining of the SBS fibers was limited, especially in case of Mode II 
delaminations where the shear forces only result in a limited 
displacement of crack halves in a specimen. 
 
 
 
Figure 7.4: Post mortem SEM images of interlaminar cracks containing SBS 
fibers with different amounts of cross-linking, (a) virgin, (b) 0.6 %, (c) 0.83 
%, (d) 4.2 %. Strained SBS fibers as well as SBS fiber imprints and fractured 
SBS fibers (pointed out by the arrows) can be noted. 
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7.4 Effect of the mechanical properties of the 
SBS fibers on the Mode II interlaminar 
fracture toughness  
Figure 7.5 shows the Mode II interlaminar fracture toughness of 
composites containing electrospun SBS fibrous veils with different 
amounts of cross-linking. The results indicate an increasing trend with 
increasing amount of cross-linking. The non-cross-linked and low 
cross-linked SBS fibers even decrease the interlaminar fracture 
toughness, implying that even less energy is required if such SBS 
fibers are present than if only epoxy resin was present in the 
interlaminar region. Since it is very likely that the SBS fibers do not 
strain significantly during the Mode II delamination, their low energy 
absorption at small elongations explains this phenomenon. In contrast, 
the highly cross-linked SBS fibers do absorb a lot of energy in this 
low-elongation regime, resulting in the observed increase in fracture 
toughness up to 3950 ± 400 J/m
2
 for the 5.45 % cross-linked SBS, 
which is over 100 % improvement as compared to the reference 
laminates (1900 ± 250 J/m
2
).  
 
The explanation above does not take into account a possible effect of 
the SBS fiber properties on the crack path in the interlaminar region. 
Nevertheless, it is important to also take this crack path into account 
since the SBS fibers can only bridge interlaminar cracks if these 
cracks occur in the interlaminar region. To analyze the position of the 
Mode II crack with respect to the SBS toughened interlayer, 
microscopic cross-sectional images of tested Mode II specimens 
(perpendicular to the crack front) are shown in Figure 7.6. The low 
cross-linked SBS fibers provide little to no resistance to the Mode II 
crack due to their low stiffness, causing the crack to propagate directly 
through the SBS/epoxy interlayer, i.e. the weakest point in the 
composite (Figure 7.6 A and B, see Figure 7.5 for coordinate system). 
Although this creates vast amounts of SBS fiber bridging, the SBS 
fibers themselves are most likely not strained to failure due to their 
high elongation at break. 
 
128 Chapter 7 
 
 
Figure 7.5: The Mode II interlaminar fracture toughness for laminates 
interleaved with 20 g/m² of SBS fibers increases with increasing extent of 
cross-linking of SBS fibres (as expressed by molar ratio of MDI-TAD cross-
linker to the total SBS double bonds). 
 
On the other hand, for composites containing SBS fibers with high 
amounts of cross-linking, propagating through the SBS modified 
interlayer requires a lot of energy as the SBS fibers are much stiffer, 
and as such, the interlayer is no longer the weakest zone in the 
laminate. This deflects the delamination crack towards the reinforcing 
plies out of the SBS toughened interlayer. Nevertheless, the shear 
loading stimulates the formation of interlaminar crossings (Figure 7.6 
C and D, see Figure 7.5 for coordinate system) in which SBS fiber 
bridging does occur. This particular fracture behavior is similar to the 
behavior observed in the previous chapters, for composites containing 
PCL and PA nanofibers as both polymers have mechanical properties 
in the same order of magnitude as the high cross-linked SBS fibers.   
 
Influence of the nanofiber mechanical properties  129 
 
 
 
 
 
Figure 7.6: Microscopic image illustrating the Mode II crack (red line) 
propagation. For low amounts of cross-linking (a) virgin, (b) 1.25 % the 
crack propagated directly through the SBS toughened interlayer. At high 
amounts of cross-linking (c) 2.31 % , (d) 3.34 %  the crack regularly crosses 
the interlayer (white circles), see Figure 7.5 for coordinate system. 
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7.5 Effect of the mechanical properties of the 
SBS fibers on the Mode I interlaminar 
fracture toughness  
Figure 7.7 shows the Mode I interlaminar fracture toughness during 
crack initiation as a function of the amount of cross-linking of the 
SBS fibers. Two SBS fibrous veils with different areal densities were 
tested, i.e. 12 ± 1 g/m
2
 as well as 22.0 ± 1.5 g/m
2
. Figure 7.7 shows 
that the laminates containing 22.0 ± 1.5 g/m
2
 SBS membranes have a 
higher GIc,ini. Nevertheless, the overall trend is relatively independent 
of the SBS fiber veil density. In addition a partial reproduction of the 
12 g/m
2
 series using a different SBS batch and a different operator 
(both for the production of the SBS fibers as well as the composite 
laminates) showed that this trend is also very reproducible. 
 
 
 
 
Figure 7.7: Mode I interlaminar fracture toughness as a function of the 
extent of cross-linking (as expressed by molar ratio of MDI-TAD cross-linker 
to the total SBS double bonds) for both laminates containing 12 g/m
2
 of SBS 
and 22 g/m
2
 of SBS in the interlayer. 
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In contrast to the results for Mode II loading, the virgin and low cross-
linked SBS fibers do increase the Mode I interlaminar fracture 
toughness. This observation can be explained by the higher 
displacement of the two sample halves during the DCB experiments 
as compared to the ENF experiments which results in a higher 
elongation of the electrospun SBS fibers. Hence, the Mode I opening 
mode increases the importance of the SBS fiber behavior at higher 
strain levels. Although this explains why an improvement in Mode I 
interlaminar fracture toughness is obtained at low amounts of cross-
linking, one would expect the improvement in Mode I interlaminar 
fracture toughness to be similar to that of the energy required to 
elongate an SBS fiber till break (Figure 7.2). However, Figure 7.9 
clearly reveals an optimal zone of cross-linking in which the resulting 
interlaminar fracture toughness is the highest, different from the 
increasing trend in work of rupture with increasing cross-linking. 
 
In order to explain this phenomenon, the relationship between the 
mechanical properties of the SBS fibers and the crack path has to be 
analyzed. As mentioned in chapter 3, the Mode I delamination crack 
path is much more sensitive to changes in the electrospun fibrous veil 
properties than the Mode II crack path. More specifically, under Mode 
I loading conditions, there is a high tendency for the delamination 
crack to be deflected out of the toughened interlayer towards the glass 
fiber/epoxy interface.  
Analysis of the cross section of tested Mode I specimens  (Figure 7.8) 
reveals that the Mode I cracks again propagate directly through the 
SBS membrane at a low cross-linking density similar to the behavior 
observed under Mode II loading conditions. However, for the highly 
cross-linked SBS interlayers, the Mode I crack is deflected away from 
the toughened interlayer towards the glass fiber/epoxy interface 
without regular occurrences of interlaminar crossings. Consequently, 
almost no SBS fiber bridging can occur and GIc,ini decreases to the 
reference level. With this in mind it should be said that all composites 
were prepared using an interlayered configuration (IL, see chapter 5). 
This is because the TAD-post treatment procedure did not allow to 
treat the SBS fibers when they were spun directly on top of the glass 
fibers using a double layer deposited configuration (DLD, see chapter 
5). As shown in chapter 5 for PCL nanofiber toughened composites, a 
DLD can result in a higher amount of interlaminar crossings. Thus, 
electrospun fibers with similar properties as the high cross-linked SBS 
fibers might still be beneficial for the Mode I interlaminar fracture 
toughness if they can be spun directly on top of the glass fiber mats. 
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Looking back at Figure 7.7, an intermediate amount of crosslinking, 
between 0.65 % and 1.5 %, allows for an improvement of more than 
80 % up to almost 90 % in Mode I interlaminar fracture toughness. 
These intermediate amounts of cross-linking are low enough to allow 
the Mode I crack to propagate directly through the SBS toughened 
interlayer (Figure 7.10 C) or at least allow for the occurrence of 
regular interlaminar crossings (Figure 7.10 D), whilst it is still high 
enough for the SBS fibers to absorb significant amounts of energy at 
relatively low elongations. 
 
 
Figure 7.8: Microscopic images of cross sections showing Mode I crack 
propagating through the SBS toughened interlayer at low amounts (a) virgin, 
(b) 0.47 %, (c) 0.65 % and avoiding the interlayer for high amounts of cross-
linking (d) 1.25 %, (e) 2.3 %, (f) 3.3 %. See Figure 7.7 for coordinate system. 
 
Figure 7.9 shows the Mode I propagation fracture toughness as a 
function of the amount of SBS cross-linking. As explained in chapter 
3, in case of a toughened reference sample, the difference between the 
initiation and propagation interlaminar fracture toughness is mainly 
related to the occurrence of glass fiber bridging. In most cases, glass 
fiber bridging should be regarded as an artifact of the DCB test, since 
in practice most laminates use multidirectional layups or woven 
fabrics in which glass fiber bridging is very limited during 
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delamination. The presence of the SBS membrane hinders the glass 
fiber bridging, just as observed for PCL nanofibrous membranes in 
chapter 3. This can result in a decrease in propagation fracture 
toughness, as can be noted for the low cross-linked samples. However, 
at a sufficient amount of cross-linking, the loss in fracture toughness 
due to the hindrance of glass fiber bridging is compensated by the 
energy absorption of the cross-linked SBS fibers, causing the overall 
propagation fracture toughness to increase.  
 
Then again an even higher amount of cross-linking will cause the 
delamination crack to avoid the SBS toughened interlayer thus again 
reducing the fracture toughness to a similar level as the reference 
(non-toughened) specimens. 
 
 
 
Figure 7.9: Mode I propagation fracture toughness showing essentially the 
same trends as the initiation fracture toughness as a function of the amount 
of cross-linker (as expressed by molar ratio of MDI-TAD cross-linker to the 
total SBS double bonds). 
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7.6 Conclusion 
In this chapter, cross-linked SBS fibers were successfully embedded 
into resin transfer molded glass epoxy laminates to improve their 
interlaminar toughness. A homogeneous distribution of SBS phases in 
the epoxy interlayer was obtained, resulting in very high interlaminar 
fracture toughness values. TAD-click chemistry allowed to modify the 
mechanical properties of the SBS fibers. The variation in these fiber 
mechanical properties had a significant effect on both the Mode I as 
well as the Mode II interlaminar fracture toughness of the glass epoxy 
laminates. This allowed to gain some fundamental insights into the 
toughening mechanisms using electrospun fibers.  
SBS fibers with a low cross-linking density, characterized by high 
elongations at break (>300 %) and low E-moduli, were demonstrated 
to be unsuitable for interlaminar toughening. Although these fibres 
have a high work of rupture, the energy absorbed when strained up to 
small elongations (<100 %) is nearly zero. With an increasing amount 
of crosslinking, SBS fibers with lower elongation at break and a 
higher E-modulus were obtained, resulting in an increased amount of 
absorbed energy in the low strain region. This significantly affects the 
toughness of the interlayer as well as the interlaminar crack path, both 
in Mode I and Mode II loadings.  
For low cross-linking densities, the delamination crack propagates 
through the interlayer. The limited crack opening involved with Mode 
II loadings results in only low strains in the SBS fibers and thus low 
energy absorption. As the amount of cross-linking is increased to 
intermediate amounts, the energy absorbed in the low strain region is 
increased. This already leads to an improvement in Mode I 
interlaminar fracture toughness up to almost 90 % (750 ± 38 J/m
2
) 
when an intermediate amount (0.65 %) of cross-linking is used. With 
a further increase in the extent of cross-linking, the delamination crack 
starts to be deflected by the toughened interlayer. In Mode I loading, 
this results in a decrease of the GIc,ini values down to the reference 
level as the crack is propagating mainly in the virgin resin above the 
SBS rich layer. However, in Mode II loading, the shear forces 
promote the formation of interlaminar crossings. This results in 
further improvements in Mode II interlaminar fracture toughness of 
over 100 %, up to a value of 3950 ± 400 J/m² when highly cross-
linked SBS membranes (5.45 %) were used. 
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Concluding remarks 
and outlook  
 
 
 
 
 
 
 
 
 
This chapter summarizes the main conclusions of this PhD work and 
highlights some future perspectives. 
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Throughout this work it was clearly shown that electrospun 
nanofibrous veils are a viable option to design advanced composite 
materials with a very high damage resistance. The electrospinning 
process is relatively simple, scalable and can be used to produce 
nanofibers from a whole set of polymers ranging from traditional 
polymers like polyamides and PCL to specially designed polymers for 
toughening purposes such as cross-linked SBS. Their effect is shown 
to be significant, not only on a microscopic level in nanotoughened 
epoxy, but also on an interlaminar level. The interlaminar fracture 
toughness of glass epoxy laminates could be significantly improved, 
both under Mode I as well as Mode II loading conditions and this 
without a decrease in in-plane properties or glass transition 
temperature of the laminates. 
 
The toughening micro mechanisms that are present in nanofiber 
toughened composites have been thoroughly analyzed. This allowed 
us to uncover the crucial parameters that are necessary to design 
highly damage resistant materials. 
On the level of the nanotoughened epoxy resin, yielding of nanofibers 
in the fracture processing zone as well as nanofiber bridging increases 
the fracture toughness substantially. The effect is mainly determined 
by the mechanical properties of the nanofibers and their interaction 
with the matrix resin.  
On the interlaminar level, the nanotoughened interlaminar region was 
analyzed under both Mode I and Mode II loading, for an extensive set 
of composites. It was shown that although the fracture behavior of the 
nanotoughened epoxy is representative for cracks in the interlaminar 
region, the toughening effect on the interlaminar level is far more 
complex. The delamination mode was shown to have a significant 
influence on the toughening effect of electrospun nanofibers. Under 
Mode I loading, crack growth subjects the nanofibers to normal 
forces. When the nanofiber-matrix adhesion is low, e.g. in case of 
PA6 nanofibers, this causes extensive peeling of the nanofibers. 
Hence, the adhesion between nanofiber and epoxy resin becomes very 
important under Mode I loading. Under Mode II loading conditions, 
adhesion between nanofiber and epoxy resin poses less of a problem 
as the shear adhesion strength of all nanofibers is relatively high due 
to their high surface area to volume ratio. In addition the delamination 
mode affects the crack path of the delamination crack in the 
interlaminar region. In general it was found that under Mode I loading 
the delamination crack is much more likely to avoid the nanofiber 
toughened interlayer than under Mode II loading. However it was also 
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discovered that besides the delamination mode, there are other 
parameters which influence the interlaminar fracture toughness, either 
directly or by changing the interlaminar crack path. A proper tuning of 
these parameters allows for high interlaminar fracture toughness 
values under both Mode I and Mode II loading conditions. 
 
The morphology of the electrospun structures has a significant effect 
on the Mode I and Mode II interlaminar toughness. This was 
thoroughly analyzed by introducing different electrospun PCL 
morphologies in the interlaminar regions. The PCL structures were 
classified as non-porous (PCL films and spray-coated glass fibers) or 
(highly) porous structures (PCL nanofibers, microfibers and 
microspheres). It was shown that a significant increase in the Mode I 
and Mode II interlaminar fracture toughness, without a reduction in 
in-plane properties, requires porous interleave structures. These 
structures have an intense and fine distribution of PCL phases in a 
surrounding epoxy phase allowing for the PCL to strain significantly 
when the epoxy surrounding is cracked. From all the tested porous 
structures, the nanofiber interleaved structures show the best 
performance.  
 
The next parameter under investigation was the interleaving method. 
It was shown that this interleaving method can have a major effect on 
the Mode I interlaminar fracture toughness. A double layer deposited 
configuration in which the nanofibers were directly electrospun on 
both sides of the glass fiber mats was found to be most suited, as it 
supported the formation of cracks trough the nanofiber toughened 
interlaminar region (interlaminar crossings) and is thus clearly 
superior over an interlayered or single layer deposited configuration. 
It is believed that this was due to a better interaction and/or coverage 
of the glass fiber mat by the nanofibers, thus preventing the 
delamination crack from exclusively propagating at the glass epoxy 
interface.  
 
Another crucial parameter was the nanofiber veil density, especially 
under Mode I loading conditions. It was found that although 
individual cracks trough the interlaminar region require more energy 
(thus increasing the fracture toughness) when a higher nanofiber veil 
density was used, the total amount of cracks trough the nanofiber 
toughened interlaminar region declines with increasing nanofibrous 
veil density. There is thus an optimal veil density (typically around 10 
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to 15 g/m
2
) that depends on the toughening polymer and architecture 
of the composite. 
 
The last parameter under investigation was the effect of the 
mechanical properties of the electrospun fibers, on the interlaminar 
toughness under both Mode I and Mode II loading conditions. This 
first required the development of electrospun fibers with tunable 
mechanical properties. This was achieved through the application of a 
recently developed click chemistry platform based on triazolinediones 
(TAD). Electrospun SBS fibers were selected as excellent precursor 
membranes as the unsaturated bonds in the butadiene segments of 
SBS can readily react with a triazolinedione (TAD), allowing to 
design universal SBS membranes with a wide variety of mechanical 
properties (and/or functional groups). More specifically, using MDI-
TAD, chemical cross-links could be introduced into the SBS fibers. 
By controlling the amount of cross-links, the elongation at break of 
the SBS fibers could be tuned from about 90 % to 700 %, whereas the 
modulus of the fibers covered a range from 11 MPa to over 130 MPa. 
 
The mechanical properties of these tunable fibers were subsequently 
linked to the interlaminar toughness of the composite laminates. With 
an increasing amount of cross-linking, SBS fibers with lower 
elongation at break and a higher E-modulus were obtained. This 
significantly affects the toughness of the interlayer as well as the 
interlaminar crack path, both in Mode I and Mode II loadings. For low 
cross-linking densities, the delamination crack propagates through the 
interlayer. However, the limited crack opening involved, especially 
with Mode II loadings results in only low strains in the SBS fibers and 
thus a low amount of energy absorption. As the amount of cross-
linking is increased, the energy absorbed in the low strain region is 
increased. This already leads to large improvements in Mode I 
interlaminar fracture toughness when an intermediate amount of 
cross-linking is used. With a further increase in cross-linking, the 
delamination crack starts to be deflected by the toughened interlayer. 
In Mode I loading, this eventually results in a decrease of the Mode I 
interlaminar fracture toughness down to the reference level due to a 
deflection of the crack out of the toughened interlayer. However, in 
Mode II loading, the shear forces promote the formation of 
interlaminar crossings. This results in further improvements in Mode 
II interlaminar fracture toughness of over 100 %, when highly cross-
linked SBS membranes were used. 
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Overall it can be concluded that important insights were gained 
throughout this PhD. These contribute to the advancement of the 
research on these novel materials and help in optimizing and 
designing highly toughened advanced composite applications. It 
should however also be pointed out that there is still a need and room 
for further work. Although interesting discoveries have been made on 
the interlaminar level, a lot remains unknown on the structural level. 
As of today it remains unclear if the behavior of the nanofibers in the 
DCB and ENF experiments is always representative for their behavior 
under real-life loading conditions. More application specific 
characterizations of the nanofiber toughened composites will be 
required, such as impact and fatigue experiments in order to further 
deepen our understanding of the toughing mechanisms on the laminate 
and structural level. In addition the research in this PhD focused on 
flat, mostly unidirectional, glass epoxy laminates. As such, it will be 
interesting to evaluate the effect of the nanofiber toughing in more 
complex composite structures containing structural elements such as 
stiffeners, corners, ply drops or foam cores, as it are these elements 
that often initiate delaminations in real-life composite structures. 
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